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NOMENCLATURE 
2 2 a: area of corrosion sample, cm (in ) 
A: combustion air flow rate, kg/hr (Ib/hr) 
AL: corrosion rate of aluminum, mm/yr (mils/yr) 
2 2 A^: area of sampling nozzle, cm (ft ) 
BR: corrosion rate of brass, mm/yr (mils/yr) 
Cp: pitot tube correction factor, dimensionless 
O 
d: density of corrosion samples, g/cm 
D: furnace diameter, mm (in) 
DAO: air damper opening, mm (in) 
Eg: emission rate, g/hr (Ib/hr) 
Eg : emission rate, g/kg wet fuel (lb/lb wet fuel) 
E^: emission rate, g/kg dry fuel (lb/lb dry fuel) 
E^: emission rate, g/kJ dry fuel (Ib/Btu dry fuel) 
EPF: furnace efficiency, percent 
F: fuel feeding rate, kg/hr (Ib/hr) 
G: corrosion rate of galvanized sheet metal, mm/yr 
(mils/yr) 
G : specific gravity of flue gas referred to air, 
® dimensionless 
H: furnace height, mm (in) 
HC: heat of combustion, kJ/kg (Btu/lb) 
H^: heating value of fuel, kJ/kg (Btu/lb) 
heat output from the furnace, kJ/hr (Btu/hr) 
Hp : enthalpy of products, kJ/kg (Btu/lb) 
vi 
H. 
AH%act: 
AHRfh: 
I 
K 
MC 
N; 
n: 
PM 
Pm 
P 
P' 
Qm 
Qs 
^STPD 
RH: 
^A: 
S 
ST 
t 
enthalpy of reactants, kJ/kg (Btu/lb) 
actual heat of reaction, kJ/kg (Btu/lb) 
theoretical heat of reaction, kJ/kg (Btu/lb) 
the average of the square root of the velocity pres­
sure of all points in the velocity traverse, (mm 
HgO)^; (in H20)% 
isokinetic condition, ratio 
constant 
constant 
com cob moisture content (wet basis), percent 
amount of dry air supplied to the furnace, g mole/ 
100 kg dry fuel (lb mole/100 lb dry fuel) 
mass fraction of any constituent, g mole/100 kg dry 
fuel (lb mole/100 lb dry fuel) 
particulate matter emission, g/hr (Ib/hr) 
barometric pressure, mm Hg (in Hg) 
absolute pressure at the rotometer, mm Hg (in Hg) 
absolute pressure in stack, mm Hg (in Hg) 
static pressure in stack, mm HgO (in H2O) 
sampling rate at meter condition, m /min (cfm) 
flow rate at stack condition, m^/min (cfm) 
g 
stack flow rate at standard condition, Sm /min 
(Scfd/min) 
relative humidity, percent 
theoretical amount of dry air, g mole/100 kg dry 
fuel (lb mole/100 lb dry fuel) 
fuel size (length), mm (in) 
corrosion rate of mild steel, mm/yr (mils/yr) 
exposure time, hr 
vii 
At: particulate sampling time of each point, min 
Tg: exhaust temperature, °C (°F) 
T^2: ambient air temperature, °C (°F) 
Tg: air entrance temperature, °C (°F) 
T^: exhaust temperature, °C (°F) 
T^: absolute temperature at meter condition, (°R) 
Tg: absolute temperature in the stack, °K (°R) 
u : average flue gas velocity at nth sampling point, 
° cm/min (ft/min) 
V : equivalent vapor volume of condensate at meter con­
dition, cm^ (ft3) 
3 3 V^: gas volume sampled at meter condition, cm (ft ) 
Vqmnn: volume of dry exhaust gases sampled at standard 
condition, cm^ (ft^) 
W: weight loss or gain, mg 
X: mole fraction of constituent, percent by volume 
XSA: percent of excess combustion air, percent 
Y : total particulate collected, mg (gr) 
Zgmnn = E, : total particulate concentration at standard 
condition, g/m^ (gr/ft3) 
Greek Letter Symbols 
a: amount of O2 supplied, lb mole/100 lb df 
3: amount of dry flue gases (DFG)» lb mole DFG/100 
lb df 
y: amount of water vapor in flue gas, lb mole 
H2O/IOO lb df 
any length, mm (in) 
viii 
w: humidity ratio, kg H^O/kg dry air (lb HmO/lb dry 
air) 
IT: dimensionless group, dimensionless 
Subscripts 
1: entrance condition state 
2: exit condition state 
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INTRODUCTION 
In recent years, the rising costs and decreasing re­
sources of prime fossil fuels have caused national govern­
ments and private industries to re-examine energy usage and 
to look for alternative sources of energy. Governments have 
had to become involved with long-term strategic planning of 
energy usage, in order to develop energy policies which 
would take account of the finite resources of the various 
prime fossil fuels. 
Biomass is one of the alternatives readily available 
for many energy applications. Although this type of energy 
will not solve the energy problem, it will at least be the 
alternative energy source for farming practices and main­
taining and expanding the grain production. 
Burning of agricultural residues is not a new idea, 
but there have been problems associated with the burning of 
residues in grate-type furnaces. Agricultural residues are 
burned in two ways. First, by gasification; the gasifica­
tion process is a two-stage process: incomplete combustion 
takes place in the gasifier chamber, then ignition and burn­
ing of the gases in the combustion chamber. The second is 
by direct or complete combustion of the fuel in the com­
bustion chamber, then introducing the flue gases of combus­
tion directly into the heat related application. 
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Vortex type furnaces are classified under the direct 
combustion processes. The vortex principle creates two-
vortex spirals (cold air travels downward along the inside 
wall of the combustion chamber and the flame and hot 
products of combustion travel upward in the inner spiral at 
the center of the combustion chamber) and causes thorough 
mixing of the air with the volatile gases and the entrain-
ment (entrapment) of unburned particulate matter in the 
flame spiral to increase the combustion rate and complete­
ness of fuel combustion (Claar et al., 1980b). In addition, 
the vortex sustains the temperature of the combustion 
chamber, creates a turbulence in the movement of fuel 
particles, and allows enough time for the complete burning 
of the fuel and larger particulate matter. These are the 
elements which control the combustion rate of solid fuels 
(Hurley, 1931). 
Each furnace designed to burn residues is unique, and 
its performance is independent of other types of furnaces. 
Each size and design of biomass furnace has a characteris­
tic trend which is a function of volume, combustion chamber 
geometry, gas velocity, turbulence and other factors. 
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RESEARCH GOAL 
The goal of this research was to determine the basic 
principles of operation of a biomass furnace for direct 
combustion of agricultural residues (corn cobs) and to 
determine optimum operational performance of the furnace. 
The data obtained should answer the following questions 
about the furnace: 
(1) What is the optimum operating range of the 
furnace? 
(2) What is the corrosion rate of furnace and crop 
dryer parts? 
(3) What are the characteristics of the exhaust gases? 
(4) What is the level of particulate matter emission? 
4 
OBJECTIVES 
The objectives of this research were: 
(1) To determine the operational characteristics of 
the furnace using com cobs as fuel; 
(2) To determine design characteristics of the furnace 
using dimensional analysis; 
(3) To determine the level of particulate matter 
emission; 
(4) To determine the corrosion rate of furnace and 
crop dryer parts ; and 
(5) To calculate the theoretical efficiency and operat­
ing efficiency of the furnace. 
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LITERATURE REVIEW 
Availability and Usage of Agricultural Residues 
as an Energy Source 
Agricultural residues are a renewable source of energy. 
Since man first cultivated crops, residues have been used 
for animal feed, bedding, prevention of wind and water 
erosion, and fuel. 
Buchele (1976a) and Green (1975) calculated the quanti­
ty of crop residue, not harvested or rejected by the combine 
harvester, and found that this material represented one of 
the major unused energy resources of the United States. 
Buchele (1976b) listed possible uses for corn residue as 
follows : 
Total production 6722 kg/ha 
Prevention of wind and water erosion 2241 kg/ha 
Drying of high moisture corn 280 kg/ha 
Heating of farm house 280 kg/ha 
Feeding to livestock 500 kg/ha 
Total com crop residue used on farm 3361 kg/ha 
Total com crop residue for off-farm 
usage 3361 kg/ha 
He also gave the commercial uses of corn crop residues as: 
fuel for electricity generating steam boilers, feedstock 
for methane and methanol plants, and for wallboard, paper. 
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and furfural production. 
Smith et al. (1975) reported that the yield of barley 
and wheat straw was 9.24 tonne/ha in the United Kingdom; 
the gross (total) energy content for straw was estimated 
to be between 17.5 and 18.5 mJ/kg. They concluded that 
straw could not compete with fossil fuels for off-farm 
uses. Buchele (1976a) and Green (1975), however, suggested 
the mixing of corn cobs with high sulfur coal to reduce the 
emission of sulfur dioxide from the power plants. Miles 
(1979) reported that in the northwest of the United States, 
crop residues, manure, logging residues, sawmill residues 
and municipal solid wastes are the major energy alternatives. 
Direct combustion and biomass gasification systems were the 
best methods for converting crop residues into useful fuel 
forms. 
Bailie et al. (1974) investigated the potential of 
supplying the energy required for food production from 
waste biomass and found that the energy available was more 
than sufficient, even after conversion of waste biomass to 
more versatile fuel forms. This investigation was carried 
out on two hypothetical farms : a large farm of 800 hec­
tares, and a family farm of 80 hectares. In both cases, 
the waste biomass from farm crops was sufficient for supply­
ing the on-farm energy requirement for producing the crop. 
Richey et al. (1980) conducted tests on a biomass 
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gasification furnace using a channel gasification system; 
they concluded that corn cobs could be efficiently burned 
under controlled conditions to supply on-farm heat energy. 
Economical Aspects 
Buchele (1975a) in a progress report on direct com­
bustion of crop residues in boiler furnaces concluded that 
there were no equipment restraints that would prevent corn­
stalks from becoming a major renewable energy source in the 
MidWest. In addition, cornstalks could be harvested, 
stored in the open, transported, processed and burned with 
existing equipment. On a per acre basis, Buchele (1975b) 
gave the economic aspects of harvesting cornstalks. The 
farmer would receive a net of $11.70 per acre and the maxi­
mum price utilities could pay for cornstalks would be $14.29 
per ton. He estimated the net cost of harvesting cornstalks 
to be $6.49 per ton. Thus, the farmer would have $7.80 per 
ton as profit. He also pointed out that cornstalks could 
be used as a companion fuel for high sulfur coal (Iowa coal 
is high sulfur coal) to reduce emission levels of the mix­
ture. The emission of sulfur in the combustion gases could 
thus be held below the Environmental Protection Agency (EPA) 
maximum level of 3 lb of sulfur per MM Btus. 
Loewer et al. (1980) studied the economic potential 
of on-farm biomass gasification for crop drying. The gross 
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return from using biomass as a source of energy for grain 
drying was defined as the cost of LP gas required for the 
same drying operation. The results showed that it was 
extremely doubtful that biomass from cobs or corn stover 
would ever be economically competitive with LP gas as a 
source of fuel for grain drying. Ways of enhancing the 
economic feasibility of using cobs and stovers as a fuel 
were by: increasing the efficiency of the process and 
improving equipment life, increasing the quantity of moisture 
to be removed from the grain, reducing the harvesting cost 
and interest rate, and limiting the market value of cobs 
and stover. 
Claar et al. (1980a) found in their study of the economic 
and energy analysis of potential corn-residue harvesting 
systems that on a central Iowa farm the cost of drying grain 
would be $6.10 per ton when using an agricultural-residue 
furnace and corn cobs as the fuel source, compared to $4.40 
per ton when using a LP gas system. 
Stenzel et al. (1981) compared conversion of biomass 
and coal into clean energy on an economic and environmental 
basis. The three systems studied were: electric power 
generation from direct combustion of wood versus conventional 
coal combustion in the south central U.S., synthetic pipe­
line gas production from anaerobic digestion of wheat straw 
and manure versus high-Btu gasification of coal in the 
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midwest, and synthetic fuel oil production from wood lique­
faction versus coal liquefaction in the northeast. The 
results showed that the coal conversion plants have con^ 
siderably higher thermal efficiencies than their biomass 
counterparts, the biomass residues have the advantage of 
low sulfur and ash contents, but their low bulk densities 
and low energy contents were distinct disadvantages with 
respect to coal as a plant feedstock, and biomass residue 
collection should have less severe environmental impacts 
than coal. Finally, they stated that biomass conversion 
could have an economic advantage over coal conversion in 
a small scale system. 
Biomass Furnaces 
Studies were conducted at Iowa State University on the 
use of direct combustion system for converting agricultural 
crop residue to thermal energy. Kajewski et al. (1977) 
tested an incinerator-type furnace, built by a senior design 
class, for burning cornstalks to provide heat for drying 
high-moisture grain. The results of the test indicated that 
crop residues are a reliable, low-cost source of energy for 
grain drying. They suggested additional quality testing of 
the grain to evaluate the acceptability of biomass dried 
corn in the market. 
Dairo (1979) developed and further tested the above 
cornstalk-fired furnace and found that the effect of feed 
10 
rate on the exhaust temperature and efficiency of the fur­
nace was significant. He suggested additional work to be 
done to improve the overall performance of the furnace. 
Claar et al. (1980b, 1981) designed, developed and 
tested a concentric-vortex, agricultural residue furnace. 
The first furnace was designed to provide sufficient time, 
temperature, and turbulence of the combustion gases to 
permit the complete combustion of the fuel. The furnace 
was tested by burning a variety of agricultural crop resi­
dues. The development program consisted of developing a 
uniform and continuous fuel feeding system and an easy ash 
removal. Easy fabrication methods and minimal maintenance 
and operator attention were features of this furnace. The 
second furnace was designed to overcome the mechanical weak­
nesses of the first furnace, and to reduce construction 
time and cost. 
Anderson et al. (1981) used a blend of ambient air and 
the exhaust gases from the above furnace to dry high mois­
ture corn, using corn cobs as fuel. The dried corn was 
clinically analyzed for harmful deposits and analysis of 
a 93-gram com sample indicated no hazardous residues. 
Also, there were only minor corrosion and discoloration on 
the surface of the dryer blower from the products of combus­
tion. 
Dahlberg (1977) reported on a direct-fired combustion 
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chamber type incinerator furnace that burned corn cobs for 
drying whole ear seed corn. This dryer was located in the 
Pioneer Hi-Bred seed com plant, Belle Plain, Iowa. Several 
problems were found during the operation of the incinerator 
type furnace: slag formation on the grate, corrosion occur­
ring on the metallic parts of the dryer, and particulate 
material being deposited on the corn located in the drying 
floor. 
Singh et al. (1980) developed and tested a cyclone type 
husk fired furnace for either heating the drying air or 
generating steam in a boiler for parboiling of paddy in the 
rice mill. The furnace was capable of generating a tempera­
ture in the order of 1000°C and a maximum furnace efficiency 
of 80% occurred at the husk feed rate of 20 kg/hr and an 
O 
air flow rate of 168 m /hr (100 cfm). They reported some 
problems with the disposal of ash in continuous operation 
of the furnace. 
Lai et al. (1980) developed a small furnace with feeding 
capacity of 13.6 kg/hr (30 Ib/hr) of grain dust. They burned 
three types of dust collected from commercial handling of 
wheat, com, and sorghum. They concluded that the efficiency 
of the fumace was increased as the buming rate decreased 
and suggested an increase in the size of the combustion 
chamber to increase the efficiency of the fumace. Although 
the combustion of grain dust was feasible, the exhaust air 
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could not be directly used in grain drying or space heating 
because of the ash and the incompletely burned dust in the 
exhaust. 
The second type of biomass furnace requires the gasifi­
cation of the fuel as a first step, then ignition of the 
gases from the gasifier in the second step. The products 
of combustion from the second step might have the same 
characteristics as those of direct combustion in terms of 
utilization. 
Payne et al. (1980), in their work on a gasifier com­
bustion process for converting corn cobs into thermal 
energy, reported that the quality of the exhaust appeared 
sufficiently clean for grain drying application. Corn cobs 
up to 46% moisture content were successfully used and the 
thermal efficiency of the gasifier was 70 to 80%. 
Vortex Type Furnace 
The design of the vortex required a mathematical analy­
sis of the aerodynamics of the unit and of the forces on the 
particles. 
Hurley (1931) discussed some factors affecting the de­
sign of a small combustion chamber for pulverized coal, and 
provided a mathematical analysis which investigated the 
factors governing the time necessary for combustion and time 
of contact of a solid particle and the necessary air. He 
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stated that the minimum size of a combustion chamber for a 
powdered fuel was decided by the time required for complete­
ly burning any given particle, and therefore by the rate of 
combustion and the path and velocity of the particle. 
Furthermore, the rate of combustion of any solid fuel 
was affected by: 
(1) the temperature of the combustion chamber; 
(2) the concentration of the mixture of air and fuel; 
(3) turbulence in the movement of fuel particles 
relative to oxygen molecules ; and 
(4) the chemical and physical properties of the fuel 
itself. 
Perry et al. (1950) introduced the mathematical analysis 
for the vortex principle. The vortex was designed so that 
the largest particles do not reach the wall to avoid slag­
ging of ash on the wall. They stated that the basic law of 
the free vortex was the conservation of angular momentum. 
Their theory states that if the fluid was introduced 
tangentially at the wall, and if a solid particle was intro­
duced into this moving stream, it would accelerate rapidly 
to the outer diameter of the vortex of the stream and the 
forces acting on the particle would be: (1) centrifugal 
force due to the circular path of the particle, (2) viscous 
drag of the stream, and (3) gravity. If the particle size 
was such that the centrifugal force and the viscous drag on 
14 
the particle were equal at some radius within the vortex, 
and if the particle did not react and change size, it would 
move downward in a helical path. 
Havemann (1953; 1954) developed a theory of a vortex 
combustion chamber for burning heavy fuel oil or powdered 
fuel taking into consideration the wall shape, the size and 
distribution of particles suspended and held in stable 
equilibrium, the motion of particles on burning, and the 
entrance conditions. He concluded that the wall shape 
defining the radial distribution and motion of the suspended 
particles was a function of the radius, the temperature and 
velocity distribution, and another parameter which was a 
measure of the stability of a particle in its orbit; which 
also influences the oscillating motion of the particles with 
respect to their radius of rotation and thus affects their 
rate of combustion. In addition, flow conditions define 
the rate of burning of fuel particles and the optimum condi­
tions which can be realized in the vortex chamber. 
Smithson (1972) introduced a simple model, based on the 
combined or Rankine vortex, to fit the observed radial dis­
tribution of static pressure in a confined vortex model. 
The secondary flow pattern was demonstrated with the aid of 
a water vortex and an organic dye ; this pattern is shown in 
Figure 1. The results showed that the static pressure pro­
file across a cylindrical vortex chamber was dependent upon 
15 
Arrows indicate flow direction 
\ 
Actual flow consists of the tangential vortex flow 
superimposed on the above flow pattern. 
Region A- strong axial downflow. 
A^ and Ag - boundary layer flow. 
B - annular upward flow. 
C - second downflow region - usually weak. 
Figure 1. Secondary flow pattern in a vortex chamber, 
after Smithson (1972) 
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the peripheral value of tangential velocity and the radial 
position of maximum tangential velocity. The size of the 
vortex chamber discharge nozzle also has a significant 
effect on the total pressure drop across the chamber. 
Nicholls and Eilers (1933) studied types of fuel and 
their effects on combustion. They stated that, in an under­
feed fuel bed, the type of fuel bed was fixed by the ab­
solute direction of flow of the fuel and its flow relative 
to the air, and that the ash would flow in the same direc­
tion as the fuel, independent of gravity, unless it becomes 
fluid. Mayers (1937) developed theoretical equations to 
calculate the temperature and combustion rate for an under­
fed bed. 
Adams (1979; 1980) developed a model for predicting 
particulate emission from a wood-waste boiler. Figure 2 
shows a schematic diagram for the fixed bed model as de­
scribed by Adams (1980). This model could be used to 
calculate the mass and energy balances, the bed off-gas 
temperature, combustion, and bulk flow velocity for the fuel 
bed. Claar et al. (1980b) suggested a modification of this 
model to get an analytical model that could describe the 
concentric-vortex, cell furnace (model 1) as it is shown in 
Figures 3 and 4. 
Prakash and Murry (1972) investigated the combustion 
of wood waste under controlled conditions. Their furnace 
17 
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Figure 2. Schematic diagram for the fixed bed model, after 
Adams (1980) 
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the concentric-vortex, cell furnace; after 
Claar et al. (1980b) 
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furnace ; after Claar et al. (1980b) 
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was cylindrical in shape and the secondary air was introduced 
tangentially. They concluded the following: (a) temperature 
in the combustion zone was one of the most important parame­
ters controlling the combustion process, and with tempera­
ture in excess of 1100°F the amount of particulate, total 
hydrocarbons, carbon monoxide, and smoke in the exit gases 
was minimal, irrespective of the type of wood waste burned 
and the moisture content of the wood; (b) moisture content 
in the fuel, total air flow rate, and secondary to primary 
air ratio all had an effect on the combustion when the 
temperature of the combustion zone fell below the above 
high temperature. 
Tuttle and Junge (1978) studied the mechanisms in wood 
fired boilers and found that an increase in the fuel bed 
depth decreased the particulate emission and that this 
desirable effect increased as energy release rate increased. 
Corrosion Effect 
Corrosion in processes using biomass fuels is mainly 
due to gases such as sulfur dioxide, hydrogen sulfide, and 
chlorine. Although many biomass fuels are low in sulfur 
content, the corrosion is still a problem in biomass 
furnaces and duct work and attached heat exchanger or dryer. 
Recommendations for studying the effect of corrosion on the 
grate of a gasifier fired with com cobs, was made by Payne 
(1980) . 
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Magee and McKay (1981) and Henthorne (1971) studied 
the common forms of corrosion and developed a procedure for 
measuring and controlling the corrosion rate in boilers. 
Fontana and Greene (1967) discussed in detail the procedure 
of corrosion rate measurement and the preparation of the 
samples to be tested. He recommended that samples of the 
same materials used in actual service should be tested. 
Champion (1965) determined the effect of temperature and 
time on the corrosion rate. 
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DIMENSIONAL ANALYSIS STUDY 
Dimensional analysis was used to study the effect of 
the furnace design and operating parameters on furnace 
performance. 
Spalding (1962) found that complete modelling of com­
bustion systems was not possible. He listed 120 similarity 
criteria for each stream in any combustion system, many of 
them mutually incompatible. He listed three practical situ­
ations in which it was possible to make simplifications by 
omitting dimensionless groups which were unimportant for the 
specific cases under consideration: (a) where interest is 
restricted to fluid-mechanical features of the system; 
(b) where interest is concentrated on the mixing processes; 
and (c) where interest is extended to the effect of chemi­
cal kinetics. 
Evans and Patrick (1966) investigated the modelling 
methods in boiler furnaces for overall furnace aerodynamics 
and combustion modelling. They listed the following diffi­
culties associated with the size of full-scale equipment: 
size of probing equipment required to reach into the center 
of combustion chambers, poor accessibility to the combustion 
chambers, and the large size of the experimental team re­
quired to take the required measurements (20-30 technical 
staff for each boiler trial). 
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Huff (1980) used the dimensional analysis technique 
in his investigation on the parameters affecting the burning 
time of wood cubes. He used an electric furnace to simulate 
the burning process in his test. He stated that, of the 
parameters tested, particle size and furnace wall tempera­
ture have the greatest effect on burning time and that 
moisture content has a smaller effect. 
Rose et al. (1959), Stenburg et al. (1960, 1962) studied 
municipal incinerations and listed the length to width ratio, 
among other parameters, of the incinerators used as a major 
parameter of the design of these incinerators. Stenburg 
stated that each size and design of incinerator furnace has 
a characteristic trend which is a function of volume, com­
bustion chamber geometry, gas velocity and turbulence and 
possibly other factors. 
Srivastava and Posselius (1981) studied the dimen­
sional analysis and similitude of the gasification process. 
They defined 25 variables for that study and listed 12 
dimensionless groups (ir terms), and compared their results 
to performance of wood gasifiers manufactured by Forest 
Manufacturing Co. Furthermore, they conducted a test 
on two models having the same design features, except one 
of them was half the size of the other. They concluded 
that there was no distortion for modelling theory of time, 
mass, and temperature. Model laws for viscosity and energy 
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content of feedstock were distorted. 
In this study, the problem was to determine which 
parameters affected the heat output (H^) as measured at the 
exhaust of the furnace. These parameters were classified 
into three groups : 
1. Furnace parameters (mainly geometric): 
- furnace height (H) 
- furnace diameter (D) 
- any other length (X^) 
2. Fuel parameters: 
- fuel rate (F) 
- fuel size (S) 
- heating value (H^) 
3. Air parameters : 
- air rate (A) 
- air inlet temperature (T^) 
- exhaust temperature (T^). 
Figure 5 shows a schematic diagram of the furnace and the 
position of the above parameters. 
The heat output and other variables are expressed in 
the following equation: 
= f(H. D, A., F, S, Hf, A, T^, T^) . 
Dimension of the variables: 
H^: kJ/hr, Q/T 
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Figure 5. Schematic diagram of the furnace 
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H 
D 
F 
S 
H 
meters, L 
meters, L 
meters, L 
kg/hr, m/T 
meters, L 
kJ/hr, Q/T 
kg/hr, m/T 
°K, e 
°K. 0 
Using the mass (m), length (L), time (T), and temperature (e) 
as basic dimensions (Murphy, 1950), the number of ir terms is: 
No. of IT terms = no. of variables (k) - no. of basic 
dimensions = 10 - 4 = 6 terms. 
The possible dimensionless groups are (by inspection): 
"l " H" "2 = 1 
'3 = IT "4 = 1 
•^5 F ^6 ~ T, 
The general equation will be in the form of; 
or 
Hf _ Ai S A To. 
- *(D' T' D' F' 
TT-j^  - ())(tT2, TTg , TT^ , TT^  , TTg) 
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COMBUSTION ANALYSIS OF BIOMASS FUELS 
Introduction 
Since agricultural residues are usually categorized as 
solid fuels, they should be treated and analyzed according­
ly. In this work, the chemical analysis and all other 
correspondent reactions were treated as solid fuels 
analyses, following the procedure used with coal analysis. 
Ultimate Analysis 
The ultimate analysis is defined as the percent by 
weight of the chemical composition of the fuel; this includes 
the carbon, hydrogen, nitrogen, sulfur, oxygen, and ash. 
The ultimate analysis may be expressed in moisture free 
basis or any other basis. In this work, all calculations 
will be based on moisture free (dry) basis analysis. 
The ultimate analysis of corn cobs as reported by Claar 
et al. (1980b) was as follows: 
carbon 48.4% by weight 
sulfur 0.0% by weight 
hydrogen 5.6% by weight 
nitrogen 0.3% by weight 
oxygen 44.3% by weight (by difference) 
ash 1.4% by weight. 
The heating value of the above com cobs was 18600 
kJ/kg (8000 Btus/lb.), and the ash analysis indicated some 
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identifiable chemical components, of which FegOg was ac­
counted for 4.69% by weight. 
Combustion Reaction 
A simple chemical reaction of the complete combustion 
of corn cobs is as follows : 
Fuel + Air >• CO2 + H2O + Ash . 
This reaction is an exothermic reaction; i.e., heat is re­
leased as a result of the reaction. The amount of air which 
is required to completely bum the fuel is called stoichio­
metric air, and any air beyond this amount is called excess 
air. 
Agricultural residues are normally burned with an ex­
cess amount of air due to the nature and physical properties 
of the residues to ensure the complete combustion of these 
types of fuel. 
Theoretical reaction 
The theoretical reaction of com cobs as a fuel may 
be expressed in the following chemical reaction, using the 
ultimate analysis dry basis of 100 lb of corn cobs and 
supplied dry air: 
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C + -^H + j^N + ^ S+^0 + non-combustible (ash 
+ II Fe)) + R^COg + 3.762 Ng) —^ T§ CO2 + ^  HgO 
+ ^  SO2 + ^2 + R^ (3.762 Ng) 
no 
+ non-combustible (ash + ^®2®3^ (1) 
The amount of dry air required for the above reaction (R^) 
is the theoretical amount of dry air (stoichiometric air), 
and is calculated as the following: 
p _ nc nn ns 3 ns no /.x 
where n^, n^, ..., are the masses of each component per 100 
lb of dry fuel. 
Field reaction 
The term field reaction is meant here as an actual 
reaction where the amount of air is in excess and where the 
right side of Equation 1 is usually known. In this case, a 
chemical analysis of the exhaust flue gases (Orsat analysis) 
is made and the percentages by volume of O2, COg, GO, and 
N2 in the exhaust gases are determined. 
For a 100 lb dry fuel basis, the chemical reaction 
would be as follows : 
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( ^ C  +  ^ H  +  ^ N  +  ^ S  +  ^ 0  +  n o n - c o m b u s t i b l e  
(ash + ^  Fe)) + aCO^ + 3.762 + 4.762 (^) (w)H20) 
—4- 3(Xo2 + \Q + Xgog + Xfj^) + yHgO + ^  N2 
4- ^  SO2 + non-combustible (ash + FegOg) (3) 
where : 
a: the amount of Og supplied, lb mole/ICQ lb fuel; 
3: the amount of dry flue gases (DFG), lb mole/lOU 
lb fuel; and 
Y : the amount of water vapor, lb mole/lOO lb fuel. 
Three material balances are required to determine the values 
of the above unknown parameters and to balance the chemical 
reaction: 
(i) Carbon balance: 
12 ^C02^ 
3 = ^ / (XgQ + Xgo^) (4) 
(ii) Nitrogen balance: 
^ + N (0.79) = B(X^ ) 
N = (3(Xn2) - ^)/0.79 (5) 
where: N: lb mole of dry air (DA)/100 lb fuel dry; and 
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N X 29 = lb DA/100 lb fuel dry (6) 
a = 0.21 X N (7) 
assuming that the composition of one pound mole of air is 
21% Og and 79% Ng. 
(iii) Hydrogen balance: 
H2O in = a(4.762)(29/18)(w) lb mole HgO/lOO lb fuel 
H2O out = HgO in + ny/2 lb mole H^O/lOO lb fuel 
where ; 
ta :  the humidity ratio, lb water/lb DA 
Y = HgO out . (8) 
The amount of excess air could be calculated from the 
amount of air supplied and air required as follows : 
Excess Air (XSA) . % = Air Supplled^-^Alr^Requlrad ^ 
= ° X 100 . (9) 
% 
The air to fuel ratio (A/F) is calculated by dividing 
the amount of air supplied from Equation 6 by the amount of 
fuel burned, which is 100 lb: 
A/F = • (10) 
Finally, the composition of the wet flue gases could be 
easily found by multiplying (3) by the results of the Orsat 
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analysis to get the pound moles of each constituent. 
Thermal Efficiency 
The furnace efficiency has been calculated in different 
ways; most of these calculations were based on an estimation 
of the amount of heat loss by radiation or other types of 
losses. Due to the high percentage of excess air usually 
supplied with these kinds of fuels and the inaccurate estima­
tion of heat losses, most of the efficiency calculating 
methods could be misleading and give higher values than 
expected. 
In this work, the enthalpy of the products of combustion 
of corn cobs was used in determining the efficiency. The 
efficiency is calculated as follows: 
„ _ Enthalpy of products at actual temperature 
•' Enthalpy of products at maximum temperature ^ 
- (max: teg.') 
In equation 11, it was suggested that at any air-fuel 
ratio there would be only one maximum temperature for com­
plete combustion of corn cobs. This maximum temperature 
should take place when there was no heat loss or work done; 
i.e., maximum adiabatic temperature. The actual temperature 
will be lowered due to (1) the amount of excess combustion 
air, (2) because of heat losses from the wall of the furnace, 
or (3) incomplete combustion of corn cobs. 
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The maximum temperature would be calculated by using 
the first law of thermodynamics. For a steady-flow adia-
batic combustion for the following reaction (Figure 6): 
Fuel + air CO2 + HgO + Ash 
in which: work = 0 
AKE = 0 
APE = 0 . 
Adiabatic 
Gases 
Tempera­
ture 
T 
Ash 
Figure 6. Schematic diagram of the biomass furnace 
The enthalpy of the products (Hp) will be equal to the en­
thalpy of the reactants (H^), or : 
Ip  n . (H2 -  KQ)  =  n . (K^ -  E g )  -  HC (12)  
34a 
where : 
= the number of moles of the product or the reac-
tants, g mole/100 kg fuel (lb mole/100 lb fuel) 
h^ = the enthalpy of reactants at inlet temperature, 
kJ/g mole (Btu/lb mole) 
EQ = enthalpy of products or reactants at reference 
temperature of 25°C (77°F), kJ/g mole (Btu/lb 
mole) 
^2 = enthalpy of products at exit temperature (or maxi­
mum temperature), kJ/g mole (Btu/lb mole) 
HC = heat of combustion of corn cobs, kJ/kg (Btu/lb). 
The right side of equation 12 will be known from the 
orsat analysis of the exhaust gas and the heat of combustion 
of corn cobs should be known. The enthalpy of the products 
at reference temperature will also be known, and the only 
unknown terms in equation 12 are the enthalpy of the products 
at maximum temperature. Equation 12 could be rearranged as 
follows : 
Ip ^^^(Eg) = K . (12a) 
The maximum temperature will make the sum of these enthalpies 
equal to the value of K. The sum is, therefore, calculated 
and tabulated for enough temperature values so that the 
temperature value sought can be obtained by interpolation. 
The enthalpy of products at maximum temperature can be 
34b 
calculated, knowing the maximum temperature. The enthalpy 
of products at actual temperature can be calculated in the 
same way. Using equation 11, the efficiency of the furnace 
can be calculated. 
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EQUIPMENT AND TEST PROCEDURE 
The vortex furnace tested in this research was equipped 
with a side feeding auger which automatically fed com cobs 
into the bottom of the combustion chamber. The design of 
the furnace and feeding system was intended to reduce the 
need for manual and supervisory labor and provide for con­
tinuous operation. The end use of this furnace was to 
provide a source of heat from renewable biomass on the farm 
for drying com grain. 
The fumace was designed to generate a maximum gross 
heat output of 2.65 GJ/hr (2.5 MM Btu/hr), with a grate 
9 9 
area of 0.5 m (5.6 ft ). The net heat output would depend 
on the moisture content of the com cobs, the combustion 
efficiency, and the amount of excess air entering the 
fumace. 
Scaled drawings of the furnace are presented in Appendix 
A with a complete discussion of the design and fabrication 
details. 
Figure 7 is a schematic of the fumace and the side 
feed auger. Com cobs which were fed into the fumace by 
the side auger were pushed across the grate by the auger 
as in a travelling grate system. The feeding rate was con­
trolled by a timer, which was connected to the auger driving 
motor. Figure 8 shows the timer and the side feeding auger. 
Timer 
Side door 
Driving 
motor 
Ignition 
Line 
w 
c* 
Gasification & Dehydration 
Figure 7. Schematic of the furnace and the side feed auger 
Figure 8a. Side feeding auger 
Figure 8b. Timer 
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The furnace was operated with no active source of 
primary air. A small indeterminate amount of primary air, 
however, flowed into the furnace through the auger that fed 
the cobs into the combustion chamber. The amount of 
secondary air was controlled by a sliding air damper 
located between the fan and the furnace. Figure 9 shows 
the sliding air damper and the scale mounted on it. The 
scale was divided into 6.4 mm (0.25 in) increments. The 
secondary air was supplied to the furnace by a two-stage 
axial fan (356 mm (14.0 in) diameter, 1.2 kw). The air 
was forced into the furnace plenum and then tangentially 
introduced inside the furnace combustion chamber through 
two rows of tuyeres which had a nominal diameter of 50 mm 
(2.0 in). The tangential movement of the secondary com­
bustion air created the vortex or the cyclonic movement 
inside the furnace. The exhaust was allowed to vent through 
a 406 mm (16.0 in) diameter chimney located in the top of 
the furnace. The lower part of the furnace was built of 
fire bricks, while the upper part was made of mild steel. 
The temperatures of the ambient air and the gases at 
other locations in the furnace and ducts were measured by 
type K (chrome1-alume1) thermocouples, with shielded probes. 
The temperatures were visually displayed in degrees F by 
the readout device. 
The products of combustion were sampled from the chimney 
Figure 9. Sliding air damper 
Figure 10. Exhaust sampling probe and thermocouple in 
the chimney 
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for gas analysis determination. Figure 10 shows the loca­
tion of the exhaust sampling probe and the thermocouple 
for the exhaust temperature reading. Indicators for COg, 
O2 and CO were used in determining the percent by volume 
of these constituents in the exhaust flue gases. Appendix 
C has a detailed description of the instruments used in 
gas sampling procedure. 
Particulate Matter 
Particulate matter was sampled from the overhead duct 
using a sampling train especially designed for this furnace. 
The sampling of particulate matter was made according to the 
procedure described in ASTM Method D 2928-71. A 24-point 
velocity traverse was made to meet the recommendations of 
the above method for a 429.3 mm (16.9 in) equivalent stack 
diameter. The sampling points, which were the same as the 
velocity traverse, were located 1346 mm (53.0 in) from the 
connection between the chimney and the overhead duct. 
Figure 11 shows the sampling train for particulate matter. 
Also, complete details of the sampling procedure and the 
emission rate calculation are given in Appendix B. 
Corrosion Test 
The sample preparation and corrosion measurement followed 
the procedure described by Fontana and Greene (1967) and Magee 
and McKay (1981). Samples of the following four common 
Figure 11. Particulate matter sampling train 
1. Sampling nozzle 
2. Filter holder 
3. Condenser 
4. Vacuum pump 
5. Vacuum gage 
6. Rotometer 
7. Thermocouple 
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metals were placed in the combustion chamber and duct of 
the furnace to measure the effect of exhaust gases (from 
the combustion of com cobs) on corrosion rate: (1) mild 
steel, (2) aluminum sheet, (3) galvanized steel sheet, and 
(4) brass. The furnace body and duct work of the furnace 
were fabricated from these metals. The sanples used in this 
test were cut from the same sheets used in the building of 
the furnace. 
The locations were selected to measure the corrosion 
rate in mils (1 mil = 0.001 in) per year (mpy). The first 
location was in the lower part of the furnace, while the 
second location was in the furnace stack. 
The equation for calculating the corrosion rate is: 
mpy = % (13) 
where : 
mpy: corrosion raté, mils per year 
K: constant =543 
W: weight loss or gain, mg 
3 D; density of specimen, g/cm 
2 A; area of specimen, in 
T: exposure time, hr. 
Experimental Design 
The objective of this research was to determine the 
performance of the furnace while burning com cob fuel. 
46 
This required the maximization of some parameters and the 
minimization of others. 
The response surface method of analysis was chosen 
for the design of this experiment because the effect of 
more than one independent variable upon many dependent 
variables could be determined, and it facilitated the 
interpretation of the fitted surfaces. More information 
about this method is presented in Box et al. (1978). 
Appendix H has more details about the design of the experi­
ment and the statistical analyses made in this research. 
Two independent variables were chosen for this experi­
ment: the corn cob feed rate (F) and the air damper opening 
(DAO). These two variables were chosen based upon experi­
ence of the author while working with furnaces in previous 
years. The dependent variables in this experiment were 
either directly measured or calculated; these variables 
were: exhaust temperature (Tg), efficiency (EPF), excess 
air (XSA), particulate matter emission (PM), air flow rate 
(A), corrosion rate (for seven samples), and moisture con­
tent of corn cobs wet basis (MC). 
The model for the design of this experiment follows : 
Tg, EFF, XSA, PM, A, Corrosion rate, MC = f (F, DAO) + e 
or 
Yg, Y3, ..., Xg) + e^ . (14) 
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Figure 12 shows a diagram of the experimental design 
along with the values of the independent variables chosen 
for the test. More details are given in Appendix H. 
The design of this experiment required 13 combinations 
of tests, as shown in Figure 12. A completely randomized 
selection of values for each test was made. These are 
listed in Figure 12 as a number inside the diagram, and are 
also listed in Appendix F. 
Test Procedure 
The com cobs used for the tests were manually dumped 
into the hopper of the auger before starting each run. 
About 18 kg (40 lb) of corn cobs were dropped directly into 
the combustion chamber of the furnace for starting the fire. 
The particulate matter sampling train was set up by 
placing a new filter inside the filter holder and sealing 
the glassware by vacuum grease. The train was checked for 
air leakage before and after each test by operating the 
vacuum pump and closing the sampling nozzle to see if there 
was any vacuum pressure reading on the pump gage. 
Corrosion samples were placed in two locations. The 
air damper was set to the desired opening and the timer was 
set at the desired feed rate. 
A pint of diesel fuel was poured over the com cobs in 
the combustion chamber and the pile was ignited with a match. 
The furnace fan and feeding auger were immediately started 
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Figure 12. Experimental design diagram 
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after ignition of the diesel fuel. The furnace required 50 
min. to reach the steady state condition. Temperature read­
ings were recorded 15 min. after ignition. Ambient air 
tençerature (T22), stack temperature (Tg), overhead duct 
temperature (T^), and vacuum pump temperature (T^) were 
recorded every 5 min. during the test. 
Particulate matter sampling was started when the steady 
state condition was obtained. The total sampling time was 
40 min.; 4 points were sampled for 10 min. per point. 
Exhaust gas analysis was made after particulate 
sampling. The percent by volume of Og, CO, and CO2 was 
determined every 5 min. until three sets of the same read­
ings were obtained along with a continuous recording of the 
temperature. 
The total run time of each test was 2.5 hr. A sample 
of corn cobs was randomly collected for determining the 
moisture content and size distribution of the cobs. The 
moisture content was determined by drying the cobs in an 
air oven at 130°C for 3 hours, and the size of the cobs 
(length) was measured to the nearest 3 mm (0.125 in). 
After each test, the corrosion samples were removed 
from the furnace and chimney, cleaned, dried, and weighed 
and recorded to the nearest 0.1 mg. The particulate matter 
sampling train was washed with acetone; the wash was col­
lected in a 250 ml. beaker and placed in an evaporator. The 
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filter was placed in an air oven at 130°C for 2 hours. The 
total weight of particulate matter collected on the filter 
and in the wash was recorded to the nearest 0.1 mg for 
particulate emission calculation. 
The 13-test experiment was run without the dryer operat 
ing at the Agronomy-Agricultural Engineering Research Farm 
during the period of April 30 to June 20, 1982. Small size 
com cobs (crushed cobs) were burned for two runs. Data 
from the burning of corn stalks, corn cobs, soybeans straw, 
and wood chips for the fall of 1981 were used for the 
dimensional analysis study. These data were taken when the 
products of combustion were "sucked" into the operating 
grain dryer by negative pressure developed by the fan of 
the dryer and forced through the grain by the same fan. 
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RESULTS AND DISCUSSION 
Com Cob Analysis 
The results of the ultimate chemical analyses of four 
samples of dry com cobs are summarized in Table 1. The 
Table 1. Com cob-ultimate analysis^ (moisture free 
basis 
Ultimate analysis (% wt.) 
mçle Sample Sample Sa^le 
Carbon 45.70 44. 91 44. 94 45. 76 45. 33 0. 464 
Hydrogen 5.88 5. 86 5. 68 5. 98 5. 85 0. 127 
Oxygen" 44.04 42. 23 41. 31 45. 43 43. 25 1. 841 
Nitrogen 0.58 0. 44 0. 34 0. 33 0. 42 0. 118 
Sulfur 0.26 0. 20 0. 14 0. 12 0. 18 0. 063 
Ash 3.54 6. 34 7. 59 2. 38 4. 97 
Total 100.0 100. 0 100. 0 100. 0 o
 
o
 
0 
^Ames Lab. 
^By difference. 
average values from these four tests were used in all subse­
quent calculations. 
The gross heat of combustion of corn cobs (H^), dry 
basis, at a reference temperature of 2!i°C (77°F) was deter­
mined. The average value of the gross heat of combustion 
of five samples was calculated to be 18664 kJ/kg dry fuel 
(8024 Btu/lb dry fuel). The net heat of combustion (H^ 
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may be calculated from the following equation: 
He = Hg _ 91.23 H (Btu/lb) 
where : 
H = percent of hydrogen in the fuel. 
The above equation resulted in a value of 17423 kJ/kg dry 
(7490 Btu/lb dry) of 
The average turndown ratio for the 13 tests conducted 
on the furnace, the maximum heat utilized to the minimum 
heat utilized, was calculated to be 2.79:1 on a dry basis 
and 3.09:1 on a wet basis when burning corn cobs. 
The size of the com cobs, length (S) in millimeters, 
burned in the experiment was measured. The average value 
of 523 measurements was 106.5 mm (4.19 in), with a standard 
deviation value of 29.14 and standard error of the mean 
value of 1.274. A frequency bar chart of the size distribu­
tion of com cobs is found in Figure 36 in Appendix F. The 
value of the average length, S, was used in the calculation 
of the TT term in the dimensional analysis study. 
The theoretical value of required air, R^, as it was 
presented in Equation 2, was calculated from the results of 
the corn cob ultimate analysis and found to be 3.894 lb 
mole O2 per 100 lb dry fuel, or, 18.543 lb mole dry air 
per 100 lb dry fuel. The latter is used in the calculation 
of the percent of excess combustion air as given by 
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Equation 9. 
Furnace Performance 
The performance of the furnace was experimentally 
evaluated by conducting 13 tests. Two independent parame­
ters were chosen for this experiment: com cob feeding 
rate, which varied from 43.1 kg/hr (95.1 Ib/hr) to 120.2 
kg/hr (264.9 Ib/hr); and air damper opening, which varied 
from 7.4 ram (0.29 in) to 43.4 mm (1.71 in). Values of 
test variables were chosen, as shown in Figure 12. 
The results of this section are divided into two parts. 
The first part includes the results of the measurements of 
the experimental tests, while the last part is an example 
of the expected performance of the furnace when it is used 
at a desired outlet condition. 
Stack temperature 
The stack temperature (Tg) is significantly affected 
by the feed rate of corn cobs and the air damper opening. 
The maximum stack temperature achieved was 871°C (1600°F) 
at a feed rate of 120.2 kg/hr (264.9 Ib/hr) of com cobs, 
and an air damper opening of 25.4 mm (1.0 in), while the 
minimum stack temperature was 420°C (788°F) at a feed rate 
of 43.1 kg/hr (95.1 Ib/hr) and the same air damper opening. 
The statistical analysis of the results showed a par­
tial correlation between the stack temperature and moisture 
54a 
content of the corn cobs. This effect seemed to be true 
during the start-up period of the burn because the water 
in wet corn cobs would cool the fire. This made it diffi­
cult to maintain a fire inside the combustion chamber dur­
ing that period. When the furnace reached the steady state 
condition, the radiation from fire bricks and refractory 
materials inside the furnace back to the fuel pile helped 
maintain combustion temperature regardless of the corn cob 
moisture content. At the steady state condition, the 
moisture content of corn cobs had little or no effect on 
the stack temperature. 
The best fitted model for predicting the stack tempera­
ture was a quadratic model, through which a contour plot 
for the stack temperature was drawn as in Figure 13. 
Figure 13 shows the stack temperature as it is affected by 
the com cob feeding rate and air damper opening (the two 
independent variables). It was possible to read different 
stack temperatures at a constant feed rate by changing the 
air damper opening, or by increasing the feeding rate of 
corn cobs at constant air damper opening. The stack tempera­
ture increased as rate of feeding of com cobs increased. 
Figure 13 shows that each feed rate has a maximum 
stack temperature; this temperature will be reached at a 
certain air damper opening, and the amount of combustion 
air will make more fuel to be completely burned until the 
54b 
stack temperature reaches its maximum value. At this 
point, any increase in the air damper opening will cause 
a decreasing in the stack temperature due to the increase 
of the amount of combustion air; i.e., there will be an 
excess in the amount of combustion air. This suggested 
that a line which passes through the maximum stack temper­
ature would separate the contour plot into two regions. 
The first region, below this line, would be during the 
incomplete combustion of the fuel where insufficient 
oxygen was supplied to the furnace, while the second 
region, above the line, would be during the complete com­
bustion of the fuel. But as the amount of excess com­
bustion air increased, the stack temperature would begin 
decreasing below that maximum temperature. 
The predictive model for stack temperature was as 
follows : 
Tg = Bg + B^.F + Bg.DAO + B3.F.DAO + B^F^ 
+ B^.DAO^ = -337.9 + 10.4F + 30.2 DAO - 0.114 F.DAO 
- 0.016 F^ - 0.42 DAO^ . 
The prediction of the stack temperature, when using 
the response surface method, is controlled by the average 
standard error (ASE). According to Box et al. (1978), 
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if the ASE value is close to or less than 3.5, interpre­
tations of the response surface should not be made. In 
the case of stack temperature, the value of ASE was 
calculated to be 15.8, which means that it is worthwhile 
to interpret the response surface. Calculation of ASE 
along with other statistical analyses is found in Ap­
pendix H. 
Excess air 
The amount of excess combustion air varied from a 
minimum of 34.6% to a maximum of 416%, as calculated 
from Equation 9. Obviously, the amount of excess com­
bustion air is highly correlated to the amount of com­
bustion air supplied to the furnace. Excess combustion 
air also affects the efficiency of the furnace. An exam­
ple of the calculation of the percent of excess combus­
tion air is found in Appendix F. Figure 14 shows the 
contour surface of the excess combustion air as it was 
affected by the feed rate of corn cobs and air damper 
opening. The amount of excess combustion air decreased . 
as the corn cob feed rate was increased and the air 
damper opening was decreased. The interpretation of ex­
cess air from the contour surface. Figure 14, could safe­
ly be made, since the value of the ASE is 9.05. Also, 
the statistical analysis results showed a significant 
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effect of the fitted model for the prediction of excess 
combustion air, with the feeding rate considered to have 
a highly significant effect on the determination of the 
excess combustion air. 
Efficiency 
The efficiency of the furnace was calculated from 
equation 11, and an example of the calculation is found 
in Appendix D. The calculation of the furnace efficiency 
was based on the ratio of the enthalpy of the products of 
combustion of corn cobs at measured temperature to the 
enthalpy of the products at calculated maximum tempera­
ture, The maximum temperature would take place at adia-
batic condition, i.e., no heat loss and complete combus­
tion. The actual temperature will drop below the maximum 
temperature because of heat losses or excess amount of 
air. Figure 15 shows the contour plot of the response 
surface of the fitted model of efficiency. This figure 
shows that efficiency increased with the increase of the 
air damper opening or by decreasing the feed rate. This 
indicates that the efficiency would increase as the amount 
of combustion air increased, as is shown in Figure 16, 
where a positive correlation was found between the effi­
ciency and combustion air. It was also found that the 
efficiency had a positive correlation with the amount of 
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excess air (Figure 17). The prediction of the efficiency 
from the response surface contour can be made since the 
ASE value is 4.49. 
Particulate matter 
The statistical analysis of the particulate matter 
emission test showed no significant effect on the particu­
late matter collected in each test by the two independent 
variables (corn cob feed rate and air damper opening). 
There was also no interaction effect on particulate mat­
ter by these two variables. 
The standard method used for collecting particulate 
matter from burning corn cob fuel worked satisfactorily 
in terms of sampling under an isokinetic condition. Ac­
cording to this method, the emission rate of the particu­
late matter may be expressed in grams per standard cubic 
3 3 
meters, g/m (grains per standard cubic foot, gr/ft ); 
or in kg/hr (Ib./hr). Also, it is expressed in grams 
per MJ, g/MJ, in most of the literature. The amount of 
particulate matter collected in this experiment varied 
from 0.0536 g/m^ to 0.521 g/m^, and from 27 g/hr to 127 
g/hr. Appendix B shows an example for calculating the 
particulate matter emission, and Appendix F shows the dif­
ferent values of particulate matter expressed in various 
units. Figure 18 shows the particulate matter emission 
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in g/kg dry fuel, and Figure 19 in g/kJ with respect to 
the corn cob feed rate (kg/hr). 
The EPA emission standard for incinerators with a 
capacity greater than 45 metric tons per day is 0,18 grams 
total particulate per dry standard cubic meter of exhaust 
corrected to 12% COg by volume. Although no standard 
limit for a biomass furnace has been established by the 
EPA, the emission rate for this type of furnace can be 
corrected to the above limits and then compared with the 
EPA recommended limits. 
The capacity of the furnace was found to range from 
1.04 to 2.88 tons/day, for continuous feeding of the fur-
o 
nace. The emission rate from the furnace, g/m , would 
have exceeded the EPA limits if it was corrected to 45 
tons/day capacity, but with the existing capacity of the 
furnace, only four tests were above the EPA limits. It 
became clear that the amount of particulate matter col­
lected in this experiment (7.972 x 10 ^ to 1.089 x 10 ^ 
g/kJ dry fuel) are comparable to the results reported by 
Kutz et al. (1982), and far below those values found by 
3 Stenburg et al. (1960) when they were expressed in g/m 
or g/hr (both were using the same range of feeding rate). 
The higher values of emission reported by Stenburg re­
sulted from using 15 to 60% of the combustion air as 
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under fire air when testing the furnace with excess air 
of 50 to 300% under controlled conditions. 
The amount of particulate matter emission, g/hr, 
was found to be affected by the amount of combustion air 
supplied to the furnace and the amount of excess combus­
tion air, both with positive correlation. Figure 20 
shows the relationship between particulate matter emis­
sion (g/hr) and combustion air (kg/hr). A negative cor­
relation effect was found between the furnace efficiency 
and particulate matter emission. No significant effect 
was found between the corn cob moisture content and par­
ticulate matter; also, no prediction or interpretation 
should be made from the response surface since the value 
of ASE is 3.57. 
Corrosion rate 
The objective of corrosion tests conducted in this 
experiment was to evaluate the corrosion rate of metal 
located in or above the combustion chamber during the 
burning of corn cobs. Although the results of the sta­
tistical analysis showed no significant effect of corn cob 
feed rate and air damper opening on the corrosion rate of 
the various metals, the corrosion rate measured in mm/yr 
was high in some metals for a total exposure time of 2.5 
hour test. 
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Figures 21 to 24 show the contour plots of corrosion 
rate (mm/yr) as it was affected by the corn cob feed rate 
and air damper opening. These plots are for: mild steel, 
aluminum, galvanized sheet metal, and brass, respectively. 
The steel samples were hung inside the furnace, first loca­
tion, and the corrosion rate was from -36,3 to 48.1 mm/yr 
(the negative sign indicates a weight gain from the build 
up of an oxide that protected the metal during the exposure 
time) . 
Other metals were hung in two locations (the above 
Figures 22 to 24 are for the second location in the over­
head duct facing the chimney). An example of the corrosion 
rate calculation is in Appendix E, and other data are in 
Appendix F along with the contour plots of the first loca­
tion. 
The corrosion rates of the galvanized sheet samples, 
in both locations, were negatively correlated with the corn 
cob moisture content. Only the brass samples in the first 
location were negatively affected by the corn cob moisture 
content. 
There was a positive correlation between the combustion 
chamber temperature and the corrosion rate of brass samples 
hung in the first location. Corrosion rate of the galva­
nized sheet metal samples in the second location had a 
positive correlation with stack temperature. The higher 
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the temperature, the greater the rate of corrosion (loss 
in weight of sample). 
Possible causes of corrosion of metals in the combus­
tion chamber when burning agricultural residues were the 
presence of corrosive agents such as chloride and sulfur 
compounds. The probable mechanisms for corrosion as 
described by Porteous (1981) are as follows: 
2HC1 + % 0% —» HgO + Clg (a) 
Fe + CI2 ^ FeClg (b) 
4 FeClg + 3 0% —2 FegOg + 4 Clg (c) 
It was shown in the above reactions that chlorine, which is 
formed only near the catalytic surface, combined directly 
with the iron. Once a layer of FeCl2 has formed on the 
iron surface, reactions forming iron oxides (2^20^ and 
^^2^4) sometimes sulfides take place. In reaction (c), 
more CI2 was released, and the cycle of the above three 
reactions would repeat again and again. It was found that 
temperatures in excess of 204°C (400°F) would materially 
increase the rate of reaction of chlorine with carbon steel. 
Also, reaction (a) is favored at temperatures near 260-370°C 
(500-700°F). 
On the other hand, the following reactions would account 
for sulfide formation (bisulphates and pyrosulphates): 
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2KHS0^ + 3 Fe " FeS + FegOg + KgSO^ + HgO (d) 
KgS^Oy + 3 Fe V FeS + FegOg + KgSO^ . (e) 
The above two reactions would only continue at temperature 
near to 300-315°C (572-600°F). 
At a higher temperature, the corrosion by sulfur pro­
ceeds through formation of the alkali iron trisulphates: 
FegOg + SKgSO^ + SSOg + 1% 0% —" 2K3F^(80^)3 (f) 
AKgFeCSO^)] + 12Fe —3FeS + SFe^O^ + 2:^20] 
+ 6K2SO4 + 3SO2 . (g) 
Thus, the gases of SOg, HCl, and CI2 are primarily 
responsible for metal corrosion, and in order to maintain 
the corrosion rate at minimum rates, the temperature of the 
metal surface should be relatively low. This could be done 
by air or water cooling of the metal surface. 
Finally, corrosion rate was the highest for brass 
(all samples lost weight) and lowest for aluminum (samples 
were easy to clean after the test). 
Example of Performance Prediction 
An example of the furnace performance prediction is 
given in this chapter to demonstrate the usage of the con­
tour plots. Three dependent parameters were used in the 
prediction example since they were the only parameters which 
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the statistical analysis showed were significant. These 
are: stack temperature (Tg), furnace efficiency (EPF), and 
percent excess combustion air (XSA). 
Let us assume that a heat process application required 
a stack temperature in the range of 580 to 640°C (1076 to 
1184°F). Further, by placing the contour plots of Tg, EFF, 
and XSA on top of each other, a combined plot as in Figure 
25 would be created which would predict the magnitude of 
other variables. 
Three points were chosen in Figure 25 to demonstrate 
the prediction of other parameters; other points could be 
selected from the plot. The probable prediction of the 
furnace feeding rate, air damper opening, efficiency, and 
excess air would be as follows : 
Point #1 Point #2 Point #3 
Corn cob feed rate. kg/hr 70 .0 80 .0 90 .0 
Air damper opening. mm 26 .2 15 .2 38 .2 
Furnace efficiency. % 70 .0 60 .0 60 .0 
Excess air, % 214-272 156-214 156-214 
The above prediction values were evaluated on the basis 
of the amount of corn cobs used. Since point 2 has the same 
efficiency and excess air as in point 3, there is no reason 
to choose point 3 because the same results would be achieved 
with fewer com cobs at point 2. Also, point 1 has the 
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advantage of higher furnace efficiency over point 2. 
Furthermore, the evaluation of choosing the operating 
point could depend on the operation condition of the 
furnace when operating with a lesser or a greater amount 
of excess combustion air. If the process required a 
large amount of excess air, point 1 would be better suited 
than point 2, but with the benefit of high furnace effi­
ciency and with the benefit of lower quantity of corn 
cobs than point 2, Other alternatives could be found 
and evaluated by using Figure 25. 
A practical prediction of the furnace performance 
can be made by using the line of maximum stack tempera­
ture shown in Figure 25. Let us assume that a heat ap­
plication process required a stack temperature of 748°C. 
Locate this temperature on the line of maximum tempera­
ture, Figure 25. Draw a vertical line to determine the 
required feed rate of corn cobs, and a horizontal line 
to determine the air damper opening setting. The follow­
ing furnace performance parameters were read from Figure 
25: 
(1) corn cobs feed rate, 99.5 kg/hr 
(2) air damper opening, 23 mm 
(3) furnace efficiency, more than 51.7%, 
(4) percent excess air, less than 156%. 
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Dimensional Analysis 
The objective of the dimensional analysis study con­
ducted in this experiment was to investigate the effect 
of the parameters (as listed before) on the performance 
of the furnace, and to evaluate some ideas about the fur­
nace design. Calculations of some of the above parame­
ters are shown in Appendix G. Two IT terms were held 
constant for all tests, Wg and tt^, which described the fur­
nace geometry. 
Figures 26 to 30 show the most important relation­
ships between the various IT terms which were evaluated in 
this study. 
The value of was affected by tt^ (T^/T^) 
for soybean straws, while (A/F) has no effect on tt^. 
This means that the absolute temperature ratio has the 
only effect on the heat released from the soybean straw, 
because the stack temperatures were relatively low com­
pared with corn cobs. On the other hand, the soybean 
straws were compressed (because of their length) inside 
the furnace chamber which made the effect of the com­
bustion air negligible; thus, had no effect on the heat 
released from this fuel. 
The result for wood chips as a fuel was the opposite 
to soybean straw. There was a significant effect of 
on despite the fact that wood chips compressed in a 
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dense pile inside the furnace. The small size of wood 
chips was a major factor in the results of this study. 
The dryer blower was able to induce a stream of air and 
negative pressure inside the furnace, and thus sucked 
the surface layer of wood chips from the fuel pile and 
carried them with the air stream into the dryer. Some 
of the flying particles were burned inside the furnace, 
while the rest continued burning in the overhead duct 
and inside the dryer. For that reason, there was no 
effect of the temperature on the heat released from 
the wood chips. The value of ranged from 30 to 91. 
The large size of com stalks was probably the reason 
for the highly significant effect of on tt^ . The corn 
stalk fuel pile, which accumulated inside the furnace, 
contained large spaces or openings for the combustion 
air to move through the pile. This resulted in a high 
value of TT^ which ranged from 55 to 242, and the lowering 
of the heat ratio of to 0.3 to 1.9 compared to 1.0 to 
2.9, for wood chips. Values of less than one 
seem to be illogical, but due to the high value of , 
A/F, which means that when larger quantities of combus­
tion air were supplied to the furnace, the amount of com­
bustion air increased the heating value of H , thus re-
o 
ducing the heat ratio of to values less than one. 
The data for 1981 combustion of corn cobs showed a 
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significant relation between and . This relation 
for each of the residues studied was fitted in a linear 
model. The value of varied from 0.9 to 1.8 and ÏÏ^  
from 21 to 67. The calculated value of ir^ (S/D) which 
remained constant for corn cob tests, was 0.123. 
A highly significant relationship was found between 
iT^ and ïï^ for the corn cob data of 1982. This relation 
was fitted using a non-linear regression procedure; the 
fitted model was: 
= 25.12 - 4.91 TT^ + 0.25 . 
The difference between the results of 1981 and 1982 corn 
cob combustion test was probably due to the effect of the 
dryer blower on 1981 tests. The blower created a nega­
tive pressure in the stack, while a positive pressure 
existed in the stack when the furnace was operated with­
out the dryer. This effect resulted in the following 
values of 1982 corn cob data: from 3 to 24 and tr^ 
from 1.4 to 13.9, while held constant at 0.123. 
The above results showed the effect of the fuel size 
and shape, temperature, dryer blower, and fuel-air ratio 
on the performance of the furnace and the ratio of the 
heat released from the fuel to the heat output from the 
furnace . It would have been interesting to see 
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the response of the furnace when the geometry of the fur­
nace was changed, for example the furnace height (H) or 
diameter (D), and then evaluate the furnace performance 
at other values of TTg (H/D) . 
Visual Observation 
The furnace operated with no major problems during 
the test period. The flame holder which was hung inside 
the furnace prevented the heat of the flame from moving 
to the top of the furnace and kept the temperature inside 
the combustion chamber higher. Test No. 7 was completely 
repeated when the feeding auger came loose from the fur­
nace when the furnace was operating at a small air damper 
opening and relatively high feeding rate. The tube was 
tied to the furnace with steel wire to prevent the auger 
from pushing the tube out of the furnace again. 
Two tests were conducted for ground corn cobs. The 
ground cob burned only on the surface and hardly supported 
a flame in the combustion chamber even with a small air 
damper opening. The ground cob tests were then abandoned. 
Two tests were conducted in June. The cobs were taken 
from the weathered layer of a pile which had been stored 
outdoors for 24 months. It was found that dry corn cobs 
must be fed into the combustion chamber for at least one 
hour to heat the fire bricks and flame holder before wet 
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cobs can be successfully fed into the fire. Fire bricks 
absorbed heat during the first hour until the furnace 
reached a steady state condition, after which the brick 
radiated heat back to the wet cobs to promote the evapora­
tion of water before combustion. When the steady state 
condition was reached, the moisture content of the corn 
cobs had little or no effect on the combustion in the 
furnace. 
A smoke from the overhead duct was seen during the 
first five minutes of the burning because of the ignition 
of the diesel fuel used to start the burning of corn cobs, 
followed by clear exhaust throughout the test. A dense 
smoke also came out from the feeding auger due to the back 
pressure created either by the large quantity of combus­
tion air supplied to the furnace or by the wind effect. 
The overhead duct was vented toward the west; a high west 
wind created an increase in positive pressure in the com­
bustion chamber. Thus, smoke flowed from the hopper end 
of the auger tube. 
Some of the corrosion samples, mainly aluminum samples, 
melted from the high temperature of the combustion chamber 
and were lost inside the furnace. Most of the surfaces of 
the corrosion samples were covered with a hard oxidized 
layer; the aluminum samples were the easiest to clean, fol­
lowed by galvanized sheet metal, mild steel, and brass. 
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The outer surface of the overhead duct near the 
chimney turned to a yellow color when the stack reached 
high temperatures but returned to the original color when 
it cooled off. 
Finally, there were no corn cobs in the ash (unburned 
cobs) after each test. The ash was removed manually from 
the furnace before starting a new test. The slag was 
cleaned from the grate every two tests . It was easy to 
remove the slag from the grate either by hand or by a 
steel bar. The slag was glass-like in texture. No chemi­
cal analysis of the slag was made. 
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SUMMARY AND CONCLUSIONS 
A vortex type biomass furnace was tested for converting 
corn cobs into thermal energy, under uncontrolled air inlet 
temperature conditions. The performance of the furnace was 
determined by a series of 13 tests, in which two independent 
variables were studied: corn cob feed rate (changed from 
43.1 kg/hr to 120.1 kg/hr), and air damper opening (which 
chambed from 7.4 mm to 43.4 mm). The response surface 
method of analysis was used to study the results of the 
tests. 
Three dependent variables were affected (highly signifi­
cantly) by the feeding rate of corn cobs and air damper 
opening. Stack temperature, furnace efficiency, and percent 
of excess combustion air were fitted in a quadratic model 
using the General Linear Model (GLM) method. Interpretation 
from the response surface of these three parameters can be 
safely made. Contour plots were drawn for all dependent 
variables, and a furnace performance prediction equation 
was developed. Stack temperatures up to 871°C (1600°F) were 
achieved with a feeding rate of 120.1 kg/hr (264.9 Ib/hr) 
and air damper opening of 25.4 mm (1.0 in). The excess 
combustion air in these tests ranged from 34.6 to 416%. 
The efficiency of the furnace was calculated by using 
the ratio of the enthalpy of products of combustion at 
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measured temperature to the enthalpy of the products of 
combustion at maximum temperature. The maximum (adiabatic) 
temperature of reaction was calculated for each test at the 
same air-fuel ratio. It was found that this method was suit­
able for calculating furnace efficiency. The efficiency of 
the furnace varied from 34 to 84.5%. There was a positive 
correlation between the efficiency and both the amount of 
combustion air and the excess air. 
Particulate matter emission (expressed in various 
units) was calculated according to the standard method of 
ASTM D 2928-71. The quantity of particulate matter found 
in the products of combustion (within the range of the 
experiment) was not significant when compared to EPA 
standards. It was found that the particulate matter emis­
sions from the furnace were comparable to those found in 
other experiments which dealt with burning of biomass and 
were below the EPA emission limits, except for four tests. 
A positive correlation was found between particulate matter 
emission, kg/hr, and both the amount of combustion air and 
excess air, while a negative correlation existed between 
the particulate emissions and furnace efficiency. 
Corrosion tests were conducted in this experiment. 
Four metals were tested for corrosion rate (mm/yr): mild 
steel, aluminum, galvanized sheet steel, and brass. Although 
the statistical analysis showed no significant effect between 
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the independent variables and corrosion rate, the corrosion 
rate of brass and mild steel was very high. The corrosion 
was probably due to corrosive agents such as SOg, HCl, and 
CI2 gases which were found in the products of combustion 
of com cobs. The chemical reaction of producing these 
agents would be favored at temperatures near 260 to 370°C 
for Clg and HCl, and higher than that for sulfur. 
A dimensional analysis study was conducted to determine 
the effect of furnace and fuel geometry and operating 
parameters on the amount of heat released from the furnace 
when using agricultural residues as fuels. Six IT terms 
were developed, and three of them were held constant. The 
results showed the effect of the fuel parameters on the heat 
released as well as the operating condition of the furnace. 
The air to fuel ratio had the greatest effect on performance 
for wood chips, corn stalks, and com cobs, while the abso­
lute temperature ratio was the main effect for soybean straw. 
It was found that the dryer blower has a great effect on 
furnace performance when comparing the results of 1981 and 
1982 for corn cobs. The data of 1981 (negative pressure 
in combustion chamber) were fitted best by a linear rela­
tion, while the 1982 data (positive pressure in combustion 
chamber) were fitted in a quadratic form. Another test is 
required to find the effect of the fumace geometry on the 
heat released from the burning of agricultural residues in 
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the furnace. . 
Finally, the turndown ratio of the furnace for the 
tests described in this thesis varied from 2.79:1, dry 
basis, to 3.09:1, wet basis. The moisture content of corn 
cobs affected this ratio when the turndown ratio was calcu­
lated on a wet fuel basis. 
The following conclusions were drawn from the analysis 
of the data gathered during this investigation: 
(1) Stack temperature and percent of excess combustion air 
were significantly affected by the two independent vari­
ables ; i.e., corn cobs feed rate and air damper opening. 
(2) The ratio of the enthalpy of products for calculating 
furnace efficiency was found to be a suitable method. 
(3) Particulate matter emission from the vortex furnace 
was not significant within the tests of the experiment. 
(4) Corrosion rate, mm/yr, of metals was rapid in brass and 
mild steel. 
(5) Prediction of the furnace performance could be made 
when using the combined graph shown in Figure 25 for 
corn cobs feed rate, air damper opening, efficiency, 
stack temperature, and percent excess air. 
(6) The dimensional analysis study showed that fuel size, 
air-fuel ratio, crop dryer fan, and temperature af­
fected the operating performance of the furnace 
significantly. 
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CONVERSION FACTORS 
Energy ; 
1 Cal = 4.1868 J 
1 Btu = 1.055 kJ 
1 Cal/g = 4.1868 kJ/kg 
1 Btu/lb = 2.326 kJ/kg 
1 Btu/lb °F = 4.1868 kJ/kg°K 
1 Cal/g mole = 1.8 Btu/lb mole 
Mass and length: 
1 lb. = 0.4536 kg 1 lb = 7000 grains 
1 kg = 2.2046 Ib 1 Ib/ft^ = 16.0185 kg/rn^ 
1 ft = 0.3048 m 
1 ft^ = 0.0929 m^ 
1 ft^ = 0.02832 m^ 
1 in. = 2.54 cm 
Volumetric flow: 
1 SCFM = 0.000473 m^/s 
Particulate concentration: 
1 gr/SCF = 2.288 g/m^ 
1 gr/lb = 0.1429 g/kg 
Air at standard condition (1 atm and 70°F, 21.1°C): 
p = 0.0749 Ib/ft^ 
= 0.012 g/cm^ 
Corrosion rate: 
1 mm/yr = 39.4 mils/yr 
1 in/yr = 1000 mils/yr 
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APPENDIX A: EQUIPMENT DESCRIPTION 
The furnace was designed by Claar et al. (1981) and 
was fabricated and assembled under Claar's direction at 
the Agronomy-Agricultural Engineering Research Center at 
Iowa State University. A detailed cross section of the 
furnace is shown in Figures 31 to 33. 
The furnace was fabricated from two concentric cylin­
ders. The outer cylinder was made of 11-GA-mild steel and 
had the following dimensions: 2540.0 mm (100.0 in) length 
and 1220.0 mm (48.0 in) diameter. The inner cylinder con­
sists of two parts: (1) the upper part, 7-GA-mild steel 
with the following dimensions: 914.0 mm (36.0 in) outer 
diameter and 1220.0 mm (48.0 in) length; and (2) the lower 
part, which is the refractory cell and grate. The refrac­
tory cell was built of fire-brick with a height of 959.0 mm 
(37.75 in) and the inner diameter of the cell was approxi­
mately 864.0 mm (34.0 in). Four angle bar rings were 
attached to the cylinder in order to provide the base sup­
port to the furnace, the support to the plenum rings, and 
the cover lid and chimney. 
An opening was cut in the outer cylinder to provide 
access for ash cleaning. It had the following dimensions: 
457.0 mm (18.0 in) x 406.0 mm (16.0 in). It was covered 
with a fire-brick lined door with a viewing port. A 305.0 
mm (12.0 in) circular opening was cut in the outer cylinder 
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below the door for the tube of the side feeding auger system. 
The auger was operated at a constant speed of 6.5 rpm 
by a gear train and an electric motor, Dayton Model 6K436-
0.75 HP. The motor was connected to a timer (Dayton Time 
Switch Repeated Cycle Timer Model 2E356) which turned the 
power on or off according to the desired feed rate. 
The upper inner cylinder had two rows of tuyeres, 4 
tuyeres per row. The tuyeres were fabricated from 50.0 mm 
(2.0 in) nominal diameter, schedule 40, seamed pipe. The 
tuyeres were oriented 60 degrees with respect to the cylin­
der center line. This orientation was intended to increase 
the angular velocity of the vortex flame. This orientation 
of the tuyeres introduced the combustion air in a tangent 
to the wall of the cylinder. Each tuyere was welded to a 
curved plate and mounted to the inside of the inner upper 
cylinder with four bolts. 
A ring of plastic-ceramic refractory was attached in 
the top of the upper inner cylinder to radiate more heat 
back to the combustion chamber of the furnace. It had the 
following dimensions: 914.0 mm (36.0 in) outer diameter, 
406.0 mm (16.0 in) inner diameter, and 40.0 mm (1.5 in) 
thickness. 
A ring flame holder suspended by chain from the top of 
the furnace was fabricated from a steel plate and plastic 
ceramic refractory and hung 100.0 mm (4.0 in) above the 
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bottom row of tuyeres. The purpose of the ring was to radi­
ate heat back to the fuel pile to help maintain high com­
bustion temperatures. The dimensions of this ring were: 
610.0 mm (24.0 in) out^ '^ ini^ ef/ 30070liS'Tl2.0 iW 
inner diameter, and 76.0 mm (3.0 in) thickness. 
A 14-in. two stage axial fan supplied combustion air 
to the furnace. The furnace fan plenum chamber was fabri­
cated from the flush duct transition piece with a 203.0 mm 
(8.0 in ) X 457.0 mm (18.0 in) rectangular opening. The 
fan plenum chamber was mounted on the furnace so that the 
bottom edge was flush with the middle plenum ring. A slid­
ing rectangular gate damper was fitted into the end of the 
fan plenum for regulating the air supply rate. 
A 100.0 mm (4.0 in) round duct was used for the primary 
air and was routed from the bottom side of the fan plenum 
chamber. The air was controlled by a round gate damper. 
Another 100.0 mm (4.0 in) diameter educator nozzle was 
placed in the furnace chimney. It was routed from the upper 
side of the fan plenum chamber to the 403.0 mm (16.0 in) 
diameter chimney. 
The furnace was connected to the grain dryer with a 
rectangular heat duct which had the following dimensions : 
457.0 mm (18.0 in) x 406.0 mm (16.0 in) and 3568.0 mm 
(144.0 in) long. The duct contained three openings, two 
of them connected to the dryer and the third opening for 
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ventilating the exhaust to atmosphere during start up and 
when the dryer was disconnected. The negative pressure 
induced in the duct by the grain dryer fan served in place 
of a chimney. This duct provided an opening for the 
sampling of particulate matter. 
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APPENDIX B: PARTICULATE MATTER SAMPLING 
PROCEDURE AND APPARATUS 
The standard method for sanpling exhaust particulate, 
ASTM D 2928-7.1, was closely followed with minor changes. 
Sampling Equipment 
The particulate sampling train is defined and schemati­
cally presented in Figure 34. The sampling nozzle was con­
structed of steel, following the instructions in the above 
cited standard. Two nozzles were constructed with an inner 
diameter of 0.932 cm (0.367 in). The nozzles were closely 
inspected and were replaced when scale appeared on their 
surfaces. 
The temperature of the exhaust at the sampling point was 
measured by a type K (chrome1-alume1) thermocouple probe and 
visually displayed with a THERMODYNAMIC Model 502-003-000 
(0-1999°F) readout device. 
The velocity of the exhaust gases was measured by a 
standard pitot tube and an inclined manometer accurate to 
to.001 inches of water. A velocity traverse of 24 points 
was used to measure the average velocity in the stack. The 
stack was sampled at the four points recommended by ASTM D 
2928-71 for the 16.9-in equivalent stack diameter. The 
nozzle holder was marked to automatically locate these 
points. The exhaust sample was pulled through the inline 
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Figure 34. A schematic of the particulate matter sampling train 
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filter located at the condenser and connected to the nozzle 
by a vacuum rubber tube. The exhaust was cooled in a con­
denser to remove most of the moisture. The temperature, 
pressure, and flow rate of the exhaust gases were measured 
prior to entering the vacuum pump. A large container was 
used to hold the condenser and to regulate the velocity of 
the exhaust gases before entering the vacuum pump. A 
rotometer was used to measure the exhaust flow rate in cubic 
feet per minute (cfm). The rotometer was calibrated using 
a wet gas meter and the scale of the calibration was mounted 
on the rotometer. 
Calculations 
The gas velocity at the sampling point was calculated 
using Equation 9 from ASTM D 2928-71, 
avg = (2.90)(60)(Cp)(2|j22 ^  (15) 
where : 
u^  = average flue gas velocity at nth sampling point, 
ft/min 
Cp = pitot tube correction factor, 0.99 for standard 
type 
Pg = absolute pressure in flue, inches of mercury 
Gg = specific gravity of flue gas referred to air, 
dimensionless 
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(^ avg) ^ ~ (:he average of the square roots of the velocity 
pressure of all points in the flue (in of 
water)^  and 
Tg = absolute temperature in the flue, degrees Rankine. 
An average value for was calculated to be 0.901 and 
was assumed to be constant for all tests. Also, the value 
of the average of the square roots of the velocity pressure 
were predetermined for all possible air flow, used in the 
tests, along with the static pressure in the flue (P'^ ). 
The absolute pressure in the flue, P^ , is equal to 
Ps = ^ b * (P's/13.6) in Hg 
where : 
Py = barometric pressure, in Hg, 
The average velocity in Equation 9 could be reduced to 
the form: 
% avg = . (16) 
The sampling rate, Q^ , at the rotometer was calculated 
using Equation 16 from ASTM D 2928-71, 
Qm = <"n avg> 
where : 
2 A^  = area of sampling nozzle, ft 
T^  = absolute temperature at the meter, °R 
Ill 
= absolute pressure at the rotometer, in Hg 
O 
= gas volume sampled at the meter condition, ft and 
= equivalent vapor volume of condensate at meter 
condition, ft^ . 
The moisture condensate was not measured, but the term 
V /(V + V ) was taken from Payne (1980) and used in the 
m m c  ^
calculations. He estimated the value of the above term at 
50, 75, and 100 percent excess air, assuming that the gas 
passing through the rotometer contained a constant 2 percent 
moisture content by volume. The estimated values were 0.879, 
0.896, and 0.910, respectively. 
Test Procedure 
The following is an outline of the procedure which is 
based on the standard method. 
1. The value of h^  and were measured prior 
to sampling particulates. 
2. Select a nozzle and record its area, A^ . 
3. Calculate u^  using h^ , T^ , and P^ . Calculate 
using A^ . u^ , Tg, P3. T^ , and the value of V^ /(V^ +V^ ). 
4. Insert probe. 
5. Initiate sampling at t=0; adjust to desired flow. 
6. Recalculate at t=5 min, using updates for T^ , 
s^- Adjust 
7. Stop sampling at t=10 min. Switch probe location. 
8. Calculate Qm using Tg, hg, P^ , and T^  for the second 
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location. 
9. Initiate sampling at t=10 min. Adjust to 
desired flow. 
10. Repeat as in step 6. 
11. Repeat the procedure as in step 6 with the 3rd and 
4th points and stop sampling at t=40 min. 
12. Remove probe from the stack and remove filter 
from filter holder. 
13. Wash the nozzle, rubber tubing, and filter holder 
using acetone and follow the cleaning procedure. 
Sample Calculations 
Test No. 10 
A„ = 0,0007354 ft 
n 
2 T = T' + 460°F 
m m 
Tg = T's + 460°R = 29.89 in Hg 
P' = 0.045 in H,0 S Z 
Pg = 29.89 + = 29.893 
(hn avg>^  = 0.0569036 
in Hg 
(in HgO)^  
Using Equation 16, 
u„ = 10.3313 (T 
n s 
+ v<.) = 0.910 . 
and from Equation 16, was calculated. 
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Field Data 
Point t T's T'm P'm Un Qm 
(min) (°F) (OF) (in Hg) (fpm) (cfm) 
1 0 465 68 0.00 314 0.120 
1 5 533 69 0.50 326 0.118 
2 10 551 70 0.50 329 0.117 
2 15 591 71 0.50 335 0.115 
3 20 588 72 0.50 334 0.116 
3 25 578 73 0.50 333 0.116 
4 30 550 73 0.50 328 0.118 
4 35 566 74 0.50 331 0.117 
The volume of dry exhaust gases sarnpled at 70°F (21°C) , 
O 
VgTPD ) , and 1 atm was calculated from the following 
equation: 
VgTPD ^  Qm^  ^" 0 02) ) (29.92) ) 
m 
where : 
At = sampling interval at each point, min. 
t Tm Pm Qm s^ t p d  
(min) (°R) (in Hg) (cfm) (ft^ ) 
5 528 29.89 0.120 0.5896 
5 529 29.39 0.118 0.5695 
5 530 29.39 0.117 0.5641 
5 531 29.39 0.115 0.5534 
5 532 29.39 0.116 0.5543 
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t Tm Pm Qm VSTPD 
(min) (°R) (in Hg) (cfm) (ft3) 
5 533 29.39 0.116 0.5566 
5 533 29,39 0.118 0.5643 
_5 534 29.39 0.117 0.5600 
40 4.5118 
The following was the average values of other parame­
ters that were used in particulate emission calculations : 
Vg^ PD = 4.5118 ft^  
ttotal = 40 
T = 533°F = 1013°R 
s avg 
u = 328.72 ft/min. 
avg 
The total particulate collected, Y, on filter and probe 
wash was 7.7 mg. 
The total particulate concentration, Zg^ p^ , was 
determined from the following equation: 
ZSIPD = v'' (gralns/ft3) 
SIPD VsipD(Cotal) 
= 0.02633 (grains/ft^ ) 
= 0.02633 (2.288 g^ am/grains> 
m-) ft-J 
= 0.0602 g/m^  
Q = flow rate in stack = u x A (area of stack) 
S  a v g  S  
= 328.72 (2) = 657.44 cfm 
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Q = Q (530\/ \ 
S^TPD 1^^ /129.92' 
= 657.44 (530/1013) (29.893/29.92) 
= 344.28 scfd/min. 
Emission rate: 
„ _ 9STPD(QSTPD)(G0) ,, ,, 
®2 - Tim Ib/hr 
= 0'02633o 3^44.28)(60) ^  0.0777 Ib/hr 
Eg X 453.6 = 35 gram/hr 
E3 = Eg/F =0.0777/95.1 = 0.000817 lb/lb fuel wet 
= 5.72 gr/lb fuel wet 
E4 = Eg/F (l-Xx^ o) 
= 0.0777/95.1 (1-0.2157) = 0.00104 lb/lb fuel dry 
= 7.29 gr/lb fuel dry*. 
The following equation was used to check the isokinetic 
conditions during the sampling procedure. The particulate 
sampling should fall between 0.9 and 1.1 (^ 10% from the 
isokinetic conditions); otherwise, the test would be rejected 
and should be repeated, according to the standard method 
and the recommendation of the EPA: 
T _ S^TPD (total) (^ m^ V 
v8(A^)(l-f^) 
_ 4.5118 (29.39/531)(1013/29.893) 
- (328.72/60)(40x60)(0.0007354)(Ô.91Ô) " ^ 96 
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where : 
Tg = average stack temperature, °R 
Pg = stack pressure, in Hg 
V = u^ ygi average stack velocity, ft/min 
0 = total sampling time, sec, and 
- V = = 0.910. 
Using the conversion factors, the corresponding SI values 
are: 
ZgTpD = = 0.0602 gram/m^  
Eg = 35 gram/hr 
Eg = 0.817 gram/kg wet fuel 
= 1.042 gram/kg dry fuel 
= 5.583 x 10"^  gram/kJ dry. 
The values of the other tests are listed in Appendix F. 
Figure 34a shows the particulate matter emission (g/hr) 
as it is affected by the corn cob feeding rate and air 
damper opening. 
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Figure 34a. Contour surface of the particulate matter 
emission (PM), g/hr 
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APPENDIX C: GAS SAMPLING PROCEDURE 
The exhaust of the burning of com cobs was sampled for 
each test to determine the chemical composition of the flue 
gases on a volumetric basis. A schematic drawing of the 
exhaust sampling is shown in Figure 35. 
A thermocouple was inserted near the location of the 
sampling nozzle to read the temperature of the exhaust. 
The exhaust was sampled for COg, ©2, and CO. 
The sampling procedure consisted of pumping the exhaust 
(products of combustion) into the gas analyzer. The exhaust 
gases of the furnace were sampled every 10 min. using the 
standard procedure until three successive readings were 
taken that were close, or had the same readings, and the 
average of these three readings was used in all other calcu­
lations. Meanwhile, the average temperature during the 
sampling period was used in all subsequent calculations. 
Exhaust Sampling Equipment 
The exhaust was sampled from the stack through a 9.5 
mm (0.318 in) diameter steel nozzle. The nozzle was con­
nected to a filter tube by a rubber hose. The glass fiber 
in the filter tube collected any small or foreign materials 
from the exhaust gases passing through the nozzle. 
An aspirator bulb with inlet and outlet valves pumped 
the exhaust into the gas analyzer. 
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1. Thermocouple (stack temp 
2. Chimney 
3. Sampling nozzle 
4. Filter 
5. Pump 
6. Oo and COo indicator 
Figure 35. Schematic of the exhaust sampling equipment 
120 
A FYRITE COg Indicator-model CND and FYRITE Og Indi­
cator-model CPD were used for determining the percentage of 
carbon dioxide and oxygen, respectively, from 0.0 to 20.0% 
by volume. A BACHARACH Universal Sampler Model 19-7016 was 
used for the determination of carbon monoxide. The latter 
has a built-in pump for drawing exhaust samples. The 
measuring scale of the carbon monoxide indicator ranged 
from 10.0 to 5000.0 PPM (0.001 to 0.50% by volume). 
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APPENDIX D: THERMAL EFFICIENCY CALCULATION 
The thermal efficiency of the furnace was calculated 
based on the assumption that the combustion of corn cobs 
is complete. The low level of carbon monoxide in the 
exhaust supports this assumption. The efficiency of the 
furnace is based upon the ratio of the enthalpy of the 
products of combustion at actual measured temperature to 
that value at maximum (adiabatic) temperature. 
The enthalpy of the products of combustion of corn cobs 
at the measured temperature is the difference between the 
enthalpies at that measured temperature and at the reference 
temperature of 25°C (77°F) , (Eg ~ • 
The enthalpy of the products of combustion of corn 
cobs at the maximum temperature is the difference between 
the enthalpies of the products at maximum temperature and 
at the reference temperature - h^ ). 
The furnace efficiency was calculated by the following 
equation: 
Fff 7 = Enthalpy of products at actual temperature q^ q  
' ^  Enthalpy of products at maximum temperature 
= '^=1: csmp. ^  100 (11) 
AH p max temp. 
Example of Calculation: 
Test #3 
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At 77°F^ ; 
HCO2 = 4029.10 Btu/lb mole CO^  
EO2 = 3735.44 Btu/lb mole Og 
hCO = 3730.22 Btu/lb mole CO 
hNg = 3729.82 Btu/lb mole Ng 
hHgO = 4260.54 Btu/lb mole HgO 
hSOg = 4538.16 Btu/lb mole SOg 
Fuel : 
Cp^ =2.09 kJ/kg °C 
= 0.4992 Btu/lb °R 
-Hg = 8024.18 Btu/lb fuel dry 
For test #3: 
= 70°F = 530°R 
Tg = 1288°F = 1748°R. 
Calculation of maximum temperature: 
Hp = or - h.q) = In. (K.^  ^- k.q) - HC 
Hp = 3.7748 (ÏÏC02 - 4029.1) 
+ 7.5496 (Hq2 - 3735.4) 
+ 0.0027 (ïïçQ - 3730.2) 
+42,6138 (En2 - 3729.8) 
+ 3.7935 (EH2O - 4260.5) 
+ 0.00563 (ÏÏSO2 - 4538.2) Btu/100 lb 
K^eenen et al. (1980) and McBride et al. (1963). 
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= 8024 (100) + [11.320 (3686.3 - 3735.4) 
+ 42.5858 (3681.1 - 3729.8) 
+ 0.8685 (4204.5 - 4260.5)] 
= 802400 - 3029 = 799371 Btu/100 lb f (b) 
From a and b: 
1017919.6 = 3.7748 + 7.5496 + 0.0027 Eqq 
+ 42.6138 HI^ 2 3.7935 0.00563 Eggg 
n. Tmc^ = 2500°R 2250°R 2280°R 1 max 
C02 3. 7748 27781 .2 24362 .8 24769.9 
02 7. 5496 19448 .3 17296 .3 17553.2 
CO 0. 0027 18753 .2 16685 .4 16931.9 
N2 42. 6138 18582 .1 16539 .1 16782.5 
HgO 3. 7935 22736 .7 20040 .2 20358.7 
SO2 0. 00563 28661 .5 25182 .3 25599.8 
Total n.h. - 1130012 .9 1003548 .1 1018607.7 
T = 2280°R = 1820°F . 
max 
Calculation of the enthalpy of products : 
at Tg = 1748°R 
H^p " ^ i^ (^ 1748 " G537) 
= 3.7748(17713.24 - 4029.1) + 7.5496(13061.42 - 3735.4) 
+ 0.0027(12640.54 - 3730.2) + 42.6138(12549.6 - 3729.8) 
+ 3.7935(14925.7 - 4260.5) + 0.00563(18663.42 - 4538.2) 
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Hp = 538467 Btu/100 lb fuel . 
By the same procedure, the enthalpy of the products at maxi­
mum tenperature was calculated to be: 
H = 800059 Btu/100 lb fuel . 
Pmax 
From equation 11, the efficiency was calculated as: 
Eff. = X 100 = 67.3% . 
Other values are listed in Appendix F. 
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APPENDIX E: CORROSION RATE PROCEDURE 
AND CALCULATIONS 
The corrosion rate procedure and sample preparation, as 
described by Fontana and Greene (1976) and Magee and McKay 
(1981), were followed. The weight-loss (or gain) tests were 
used. Four types of metals were used to measure the effect 
of exhaust gases from the combustion of com cobs on cor­
rosion. The samples were cut from the same materials used 
in the building of the furnace and other duct work. 
In preparation of the specimens, the mild steel 
samples, which had rough surfaces, were polished with a 
coarse abrasive. The specimens were all polished and 
cleaned at one time. The four types of metal samples were 
polished with No. 180 carborundum metalcloth and No. 320 
carborundum waterproof paper. The dimensions of the samples 
were recorded using a micrometer with accuracy of "tO.OOl 
in, and the measurements were taken to the nearest 0.001 
in. Simultaneously, the weight of each sample was recorded 
to the nearest 0.1 mg, then wrapped in paper and given a 
number and stored until usage. Table E-1 lists the average 
O 
density of the samples in g/cm , which were used in all 
calculations. 
Seven samples were selected randomly for each test, 
four of them were hung in the first location inside the 
furnace, while the other three samples (not including the 
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Table E-1. Average density of the corrosion samples 
Sample type^  3 Density (g/cm ) 
ST-A 
AL-A 
AL-B 
G-A 
G-B 
BR-A 
BR-B 
7.579 
2.644 
2.617 
7.503 
7.437 
8.337 
8.295 
A^ is location #1, B is location #2, ST is mild 
steel, AL is aluminum, G is galvanized sheet metal, and 
BR is brass. 
mild steel) were hung in the upper duct facing the chimney. 
The time of exposure and the average temperature were 
recorded for each test. 
The samples were cleaned after the exposure by holding 
the specimens under a stream of tap water and vigorously 
scrubbing the surface with a rubber stopper. The samples 
were dried by a clean cloth or paper and the weights of the 
samples were recorded. 
Equation 13 was used to calculate the corrosion rate 
in mils per year (mpy). The corrosion rate in millimeter 
per year (mm/yr) was calculated using the following conver­
sion factor: 
corrosion rate (mm/yr) 
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Table E-2 lists an example of the results of the calcu­
lation. The other corrosion rate data are listed in 
Appendix F. 
Table E-2. Sample calculation of corrosion rate^  
Speci­
men 
No.b 
Weight 
loss Density Area Time Corrosion rate 
or gain 
W d a „ t mpy^  mm/yr^  
(mg) (g/cm3) (in h (hr) 
ST-32A 14. 8 7. 579 4. 32995 2. 50 96. 33 2. 445 
AL-28A 1. 5 2. 644 4. 47080 2. 50 27. 10 0. 688 
AL-21B 3. 3 2. 617 4. 68610 2. 50 57. 48 1. 459 
G - 4A 0. 0 7. 503 4. 44020 2. 50 0. 0 0. 0 
G -21B 4. 6 7. 437 4. 45280 2. 50 29. 67 0. 753 
BR-25A 79. 8 8. 337 4. 11530 2. 50 496, 82 12. 610 
BR-45B 237. 9 8. 295 4. 16390 2. 50 1471. 23 37. 341 
*Test #10. 
S^T is mild steel, AL is aluminum, G is galvanized 
sheet metal, Gage No. 16, and BR is brass. 
M^ils per year. 
M^illimeter per year. 
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APPENDIX F: TEST DATA AND CALCULATIONS 
The equations used in the calculation of various pa­
rameters for each test were either presented in the previ­
ous chapters or were well-known equations from the litera­
ture. All calculations were carried out in English Units 
due to the type of instrumentation used in the experiment. 
The SI Units, which are listed in the following tables, 
were calculated using the proper conversion factors, which 
are listed in the literature or derived by the author. The 
most important data and calculated parameters are listed in 
Tables F-1 to F-7. An example of the calculations and 
chemical balance of the combustion reaction is listed 
below. 
Figure 36 is a frequency chart of the size distribution 
of com cobs. 
Example of Calculation: 
Test #10. 
Orsat analysis (percent by volume); 
COg 3.8125% 
O2 18.1875% 
2^ 77.92 % by difference 
Total 100.0% 
Temperatures : 
t j 2^ (ambient air) = 76°F = 24°C 
= 536°R = 297°R 
129 
FREQUENCY 
160 4 
140 -
120 -
100 -
80 -
60 -
40 -
20 
38 
w 
;v« 
64 89 114 
SIZE (LENGTH), MM 
140 165 
Figure 36. Frequency chart of com cob size distribution 
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Tg (exhaust) = 788°F = 420°C 
= 1248°R = 693°K 
Air relative humidity (R.H.) = 90% 
Humidity Ratio (w) = 122/7000 lb water/lb DA 
The amount of dry air required (DA Req'd) for complete 
combustion as it was calculated from Equation 2; 18.543 
lb mole DA/100 lb fuel dry, or 3.892 lb mole Og/IOD lb 
fuel dry. The chemical reaction equation for test No. 10, 
dry basis, is: 
C + H + N + S + 43^ 25 q + non-combus­
tible (ash + Fe)) + 0(0% + 3.762 + 4.762(^ )(y^ ) 
X HgO) -> 3(0.038125 COg + 0.181875 Og + 0.008 CO 
+ 0.7792 Ng) + Y HgO + SOg + Ng + (ash 
C Balance : 
= 3(0.038125 + 0.008) 
3 = 97.046 lb mole DFG/100 lb fuel dry 
N2 Balance; 
+ N(0.79) = 3(0.7792) 
0.015 + N(0.79) = 97.046 (0.7792) 
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N = 95.700 lb mole DA/100 lb fuel dry 
N X 29 = 2775.298 lb DA/100 lb fuel dry 
a = N X 0.21 
a = 20.097 lb mole O2/IOO lb fuel dry. 
H2 Balance: 
HgO in: 
4.762(29/18)(122/7000)(20.097) = 2.6872 lb mole/100 
lb fuel 
H2O out (y): 
= + 2.6872 = 5.6122 lb mole HgO/lOO lb fuel dry 
7o excess air = ^  ^  ^ x 100 
= 95^ 700^ ^^ 18,5^  X 100 
= 416.10% 
A/F = = 27.75 lb DA/lb fuel dry 
QS 1 
A = 2775.298 (lb DA/100 lb fuel dry) x 
,1b fuel\ / 100 lb\ 
* ^ hr /^ Ib fuel^  
= 2639.31 lb DA/hr. 
The number of pound moles of each constituent was calcu­
lated by multiplying the number of pound moles of DFG per 
100 lb dry fuel (3) by the percent by volume of the Orsat 
analysis of dry flue gases. 
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Exhaust Analysis, wet: 
N, lb mole/100 lb fuel M, molecular weight 
COg 3.6999 44 
O2 17.6381 32 
CO 0.0776 28 
NJ 75.6182 28.2 
N2 0.015 28 
H2O 5.6872 18 
SOg 0.00563 46 
Due to the small amount of Ng, which is supplied by the 
fuel, in the products of combustion of com cobs, it was 
added to the amount of Ng, nitrogen supplied with ambient 
air for the combustion process, and the molecular weight of 
28.2 was used in all subsequent calculations. 
Table F-1. Com cob data 
F DAO TI2 T2 PM A XSA EFF MO 
kg/hr mm og oq g/hr kg/hr % % % 
1 81. 65 25. 40 22. 2 629. 4 126 1811. 99 312. 70 84 .5 23. 61 
2 108. 86 38. 10 25. 0 619. 4 88 1446. 10 147. 02 52 .0 25. 36 
3 81. 65 25. 40 21. 1 697. 7 66 1276. 32 190. 70 67 .3 13. 51 
4 81. 65 25. 40 26. 6 688. 3 27 1064. 41 142. 43 57 .5 12. 08 
5 120. 16 25. 40 27. 7 871. 1 86 869. 79 34. 61 34 .0 13. 10 
6 108. 86 12. 70 27. 7 746. 1 80 1119. 76 91. 27 50 .6 26. 19 
7 81. 65 7. 37 17. 2 515. 5 48 1087. 77 147. 76 41 .4 19. 86 
8 81. 65 43. 43 25. 5 551. 6 104 1455. 72 231. 56 60 .0 13. 52 
9 54. 43 38. 10 23. 8 488. 8 43 1144. 07 290. 86 60 .2 22. 41 
10 43. 14 25. 40 24. 4 420. 0 35 1197. 19 416. 10 66 .7 21. 57 
11 81. 65 25. 40 20. 5 650. 5 60 1267. 20 188. 63 66 .2 19. 62 
12 - 54. 43 12. 70 26. 1 457. 7 56 1119. 20 282. 36 55 .0 19. 62 
13 81. 65 25. 40 22. 2 653. 3 61 1480. 84 237. 29 72 .0 20. 38 
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Table F-2. Inlet air condition 
Test T12 RH (1) PB MCWB 
OC % Ratio mm Hg % 
1 22.2 68 0.0114 771 23.61 
2 25.0 55 0.0111 768 25.36 
3 21.1 63 0.0100 763 13.51 
4 26.7 58 0.0129 763 12.08 
5 27.8 86 0.0206 762 13.10 
6 27.8 89 0.0211 762 26.19 
7 17.2 74 0.0091 769 19.86 
8 25.6 66 0.0137 764 13.52 
9 23.9 75 0.0140 767 22.41 
10 24.4 90 0.0174 759 21.57 
11 20.6 51 0.0077 765 17.34 
12 26.1 87 0.0186 761 19.62 
13 22.2 60 0.0101 766 20.38 
Table F-3. Orsat analysis data 
CO2 O2 CO N2 g § Y 
% % % % Ib mole/100 Ib df 
1 4. 875 17. 000 0 .005 78. 120 16. 071 77. 408 4. 3341 
2 8. 000 15. 333 0 .000 76. 667 9. 619 47. 219 3. 6445 
3 7. 000 14. 000 0 .005 78. 995 11. 320 53. 926 3. 7935 
4 8. 167 14. 500 0 .050 77. 283 9. 440 45. 972 3. 8562 
5 11. 670 11. 170 0 .000 77. 160 5. 242 32. 369 3. 7523 
6 10. 167 10. 167 0 .500 79. 166 7. 448 35. 413 4. 1332 
7 8.125 13. 250 0 .050 78. 575 9. 647 46. 208 3. 6017 
8 6. 000 16. 830 0 .000 77. 170 12. 911 62. 958 4. 2835 
9 5. 167 16. 333 0 .010 78. 490 15. 220 72. 967 4. 5598 
10 3. 812 18. 188 0 .080 77. 920 20. 097 97. 046 5. 6872 
11 7. 000 14.625 0 .000 78. 375 11. 239 53. 964 3. 5903 
12 5. 250 16. 250 0 .040 78. 460 14. 889 71. 408 5. 0465 
13 6. 000 15. 500 0 .000 78. 460 13. 134 62. 958 3. 9470 
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Table F-4. Exhaust gas analysis (No. of lb moles/100 lb 
df) 
Test NCOg NOg NCO NAN^  NNg NH^ O NSOg 
1 3. 774 13. 159 0. 00387 60. 471 0. 015 4. 334 0 .00563 
2 3. 778 7. 240 0. 00000 36. 201 0. 015 3. 645 0 .00563 
3 3. 775 7. 550 0. 00270 42. 599 0. 015 3. 794 0 .00563 
4 3. 755 6. 666 0. 02299 35. 529 0. 015 3. 856 0 .00563 
5 3. 778 3. 616 0. 00000 24. 976 0. 015 3, 752 0 .00563 
6 3. 600 3. 600 0. 17710 28. 035 0. 015 4. 133 0 .00563 
7 3. 754 6. 123 0. 02310 36. 308 0. 015 3. 602 0 .00563 
8 3. 778 10. 596 0. 00000 48. 585 0. 015 4. 284 0 .00563 
9 3. 770 11. 918 0. 00730 57. 272 0. 015 4. 560 0 .00563 
10 3. 700 17. 638 0. 07760 75. 618 0. 015 5. 687 0 .00563 
11 3. 778 7. 892 0. 00000 42. 294 0. 015 3. 590 0 .00563 
12 3. 749 11. 604 0. 02860 56. 027 0. 015 5. 047 0 .00563 
13 3. 778 9. 759 0. 00000 49. 422 0. 015 3. 947 0 .00563 
Table F-5. Exhaust condition data& 
Test DAR DAS W HPTO HPACT 
C °C kJ/kg kJ/kg 
1 18. 543 76. 527 312. 70 629. 4 732. 2 18512 15637 
2 18. 543 45. 805 147. 02 619. 4 1110. 0 18709 9723 
3 18. 543 53. 903 190. 70 697. 8 993. 3 18609 12525 
4 18. 543 44. 954 142. 43 688. 3 1126. 7 18665 10731 
5 18. 543 24. 961 34. 61 871. 1 1471. 1 18666 6350 
6 18. 543 35. 468 91. 27 746. 1 1365. 6 18641 9428 
7 18. 543 45. 940 147. 76 515. 6 1132. 2 18729 7755 
8 18. 543 61. 481 231. 56 551. 7 871. 1 18633 11183 
9 18. 543 72. 477 290. 86 488. 9 771. 1 18641 11217 
10 18. 543 95. 700 416. 10 420. 0 604. 4 18704 12482 
11 18. 543 53. 518 188. 63 650. 6 993. 3 18551 11546 
12 18. 543 70. 901 282. 36 457. 8 782. 2 18710 10297 
13 18. 543 62. 541 237. 29 653.3 876. 7 18645 13419 
D^AR is required dry air, lb mole dry air/100 lb df, 
DAS is supplied dry air, lb mole dry air/100 lb df, T^ y^ is 
the maximum temperature, OC, HPTH is the theoretical 
enthalpy of products, and HPACT is actual enthalpy of 
products. 
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Table F-6. Particulate matter data 
Test  ^ DAO E l  E2 E3 E4 Ec 1 
kg/hr mm g/m^  g/hr g/kg g/kg j Ratio 
df df G/KJ a 
1 81. 65 25. 40 0. 2410 127 1. 550 2 .033 0 .00010890 0 .983 
2 108. 86 38. 10 0. 1510 89 0. 815 1 .092 0 .00005851 0 .960 
3 81. 65 25. 40 0. 1350 66 0. 813 0 .940 0 .00005036 0 .971 
4 81. 65 25. 40 0. 0536 27 0. 333 0 .377 0 .00002020 0 .963 
5 120. 16 25. 40 0. 1899 86 0. 409 0 .826 0 .00004426 0 .921 
6 108. 86 12. 70 0. 5210 80 0. 737 0 .999 0 .00005353 0 .966 
7 81. 65 7. 37 0. 4120 48 0. 587 0 .735 0 .00003938 0 .943 
8 81. 65 43. 40 0. 1400 105 1. 286 1 .488 0 .00007972 0 .917 
9 54. 43 38. 10 0. 0679 43 0. 792 1 .020 0 .00005465 0 .958 
10 43.14 25. 40 0. 0602 35 0. 817 1 .042 0 .00005583 0 .960 
11 81. 65 25. 40 0. 1180 61 0. 746 0 .903 0 .00004838 0 .908 
12 54.43 12. 70 0. 3130 57 1. 037 1 .292 0 .00006922 0 .973 
13 81. 65 25. 40 0. 1180 61 0. 750 0 .942 0 .00005047 0 .919 
Table F-7. Corrosion rate data, lower location (A), upper location (B) 
Test F DAO STA ALA ALB GA GB BRA BRB 
1 81.65 25. 40 5. 155 0. 538 0. 222 -5. 908 -1. 778 56. 110 88. 954 
2 108.86 38. 10 6. 193 11. 113 0. 222 -0. 161 -1. 932 34. 023 87. 816 
3 81.65 25. 40 -12. 643 0. 000 -2. 881 30. 729 14. 349 76. 290 82. 209 
4 81.65 25. 40 -31. 640 0. 000 -0. 663 29. 852 -2. 170 104. 619 99. 304 
5 120.16 25. 40 48. 149 0. 000 0. 000 46. 825 37. 873 45. 852 143. 102 
6 108.86 12. 70 23. 602 0. 000 0. 000 14. 457 1. 642 52. 485 60. 423 
7 81.65 7. 37 -36. 253 1. 309 0. 668 47. 379 4. 074 55. 782 143. 787 
8 81.65 43. 40 -15. 422 0. 000 0. 590 15. 940 -4. 600 133. 312 81. 462 
9 54.43 38. 10 -1. 919 1. 891 0. 134 1. 981 2. 125 59. 372 78. 390 
10 43.14 25. 40 2. 445 0. 688 1. 459 0. 000 0. 753 12. 610 37. 341 
11 81.64 25. 40 -15. 026 0. 000 0. 723 27. 698 -1. 649 56. 083 85. 400 
12 54.43 12. 70 27. 952 -8. 528 0. 321 8. 764 1. 950 30. 229 95. 295 
13 81.65 25. 40 -20. 287 -51. 733 -0. 220 32. 303 -3. 498 62. 548 38. 106 
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APPENDIX G: DIMENSIONAL ANALYSIS CALCULATIONS 
The calculation of some tt terms required a reference 
state for comparing these terms with each other. The 
derived tt terms as shown in previous chapters are; 
_ Hf _ H 
1^ Hq 2^ D 
i^ _ S 
"^ 3 " 3" "4 - D 
_ A _ o^ 
5^ F 6^ T e 
The first tt term was calculated with the assunqption 
that the working fluid in the combustion process was air 
at inlet and outlet states, and that the specific heat of 
the air was not constant and varied with the exit tenpera-
ture. With this assumption in mind, the heating values at 
the entrance and exit were easily calculated. 
The amount of air at the exit condition was calculated 
from the average stack gas velocity as in Equation 
15 and the flow rate of the air at standard temperature and 
pressure (Qg^ po) 77°F and 1 atm was then calculated. 
The amount of air at the inlet condition was calcu­
lated from the ideal-gas equation of state, pV = mRT, 
assuming that the air behaved as an ideal gas, and mass flow 
rate was calculated with respect to the standard tempera­
ture and pressure. 
139 
The above assumptions facilitate the calculation of it 
terms for other types of agricultural residues, e.g. soy­
bean straw, corn stalks, wood chips, and com cobs of 1981 
data. 
Example of Calculation: 
Test #10 (1982 data): 
F = 95.1 Ib/hr = 29.89 in Hg 
Tg = 76°F = 536°R P's = 0.045 in HgO 
T_ = 788°F = 1248°R = 0.0569036 (in H«0) 
O 3. VE  ^
P = P, + P' /13.6 
s b s 
= 29.89 + 0.045/13.6 = 29.893 in Hg 
"avg - 2-90 (60) (Cp) 29 i (h_J^  (15) Pg G s  ^avg-* 
= 2.90 (60) (0.99) /29.92/29.893 (1)(124») 
X (0.0569036) 
= 346.4 ft/min 
Qs = "avg ^  *8 
= 346.4 (2) •= 692.8 ft^ /mln 
"STPD - Q3(530/T„)(P3/29.92) 
= 692.8 (530/1248)(29.893/29.92) 
= 293.99 ft^ /min 
m = pV/RT 
14.7 (144)(293.99) 
53 .3  (530)  
= 22.03 Ib/min 
= 1322 Ib/hr 
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A = m = 1322 Ib/hr 
= Hg (Btu/lb) X F(lb/hr) 
= 8024 (95.1) = 763082.4 Btu/hr 
Ho = (To - Tref)(Cp(T,))(A) 
= (1248 - 530) (0.2562) (1322) 
= 243184 Btu/hr 
From the above values, the following ir terms were 
calculated for test #10: 
1^ " Hf/Ho =3.14 
ÏÏ2 = H/D = 2.94 
= S/D = 0.123 
ïï^  = A/F = 13.90 
"6 = To/Te = 2.33. 
Other values are listed in Tables G-1 to G-5. 
The following are the relationships between it terras 
for different fuels. 
Soybean straw (1981): 
= 9.92 - 3.57 TTg 
Wood chips (1981): 
TT^  = 3.64 - 0.028 TTg 
Corn cobs (1981): 
= 2.21 - 0.0184 TT^  
Com stalks (1981) : 
ïï^  = 1.78 - 0.0053 ir^ . 
Table G-1. Dimensional analysis data, soybean straws (1981) 
F TI TO PB PSI PS (HAVG)^  
Ib/hr °F °F in Hg in HgO in H^ O (in HgO)^  
1 206 .18 512 893 30 .51 -0. 81 30 .450 0. 1985 
2 237 .90 514 822 30 .51 -0. 81 30 .450 0. 1985 
3 237 .90 511 846 30 .51 -1. 10 30 .429 0. 2045 
4 237 .90 518 978 30 .51 -0. 62 30 .464 0. 2032 
5 285 .48 517 1053 30 .51 -1. 80 30 .378 0. 2599 
6 285 .48 524 894 30 .51 -1. 70 30 .385 0. 2579 
7 285 .48 522 951 30 .51 -0. 81 30 .450 0. 1985 
8 285 .48 508 947 30 .51 -1. 20 30 .422 0. 2189 
UAVG QS QSTP A PIl PI5 PI6 
fpm cfm Scfm Ib/min 111
1013.0 2026. 0 1223. 8 5390 3.22 26. 14 1. 74 
971.9 1943. 8 1275. 6 5618 4,46 23. 61 1. 60 
1015.9 2031. 8 1294. 5 5701 4.05 23. 96 1. 66 
1084.7 2169. 4 1197. 0 5272 3.05 22. 16 1. 89 
1442.2 2884. 4 1474. 0 6492 2.52 22. 74 2. 04 
1318.0 2636. 0 1587. 0 6989 3.39 24. 48 1. 71 
1045.4 2090. 8 1185. 9 5223 3.94 18. 30 1. 82 
1150.9 2301. 8 1309. 9 5769 3.60 20. 21 1. 86 
Table G-2. Dimensional analysis data, wood chips (1981) 
Test F TI TO PB PSI PS HAVG 
1 163. 35 536 948 30. 19 -0. 62 30 .144 0 .1839 
2 133. 10 538 831 30. 19 -0. 62 30 .144 0 .1839 
3 72. 60 547 881 30. 19 -1. 60 30 .072 0 .2380 
4 102. 85 546 792 30. 19 -1. 60 30 .072 0 .2380 
5 133. 10 533 870 30. 19 -1. 60 30 .072 0 .2380 
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UAVG QS QSTP A PIl P15 PI6 
971.7 1943. 4 1094.7 4922 2.66 30.13 1.77 
909.8 1819. 6 1169.2 5257 2.86 39.50 1.54 
1213.7 2427. 4 1467.7 6599 1.06 90.89 1.61 
1150.7 2301. 4 1547.9 6959 1.92 67.67 1.45 
1206.1 2412. 2 1477.0 6640 1.99 49.89 1.63 
Table G-3. Dimensional analysis data, corn cobs (1981) 
Test F TI TO PB PSI PS HAVG 
1 128. 80 533 971 30. 01 -2 .05 29. 859 0. 2567 
2 136. 85 539 1111 30. 01 -2 .05 29. 859 0. 2567 
3 136. 85 518 1074 30. 08 -2 .05 29. 929 0. 2567 
4 136. 85 530 1363 30. 22 -0 .37 30. 193 0. 1289 
5 136. 85 523 1184 30. 37 -0 .62 30. 324 0. 1839 
6 136. 85 542 1084 30. 37 -0 .81 30. 310 0. 1985 
7 177. 10 532 995 30. 01 -2 .05 29. 859 0. 2567 
8 96. 60 544 1049 30. 01 -2 .05 29. 859 0. 2567 
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UAVG QS QSTP A PIl PI5 PI6 
1379. 3 2758. 6 1502. 7 6756 1. 40 52 .45 1. 82 
1475. 4 2950. 8 1404. 8 6316 1. 19 46 .15 2. 06 
1448. 9 2897. 8 1430. 5 6431 1. 25 47 .00 2. 07 
816. 4 1632. 7 640. 7 2880 1. 76 21 .05 2. 57 
1082. 7 2165. 4 982. 4 4417 1. 50 32 .28 2. 26 
1118. 7 2237. 4 1108. 2 4983 1. 58 36 .41 2. 00 
1396. 3 2792. 6 1484. 4 6674 1. 84 37 .69 1. 87 
1433. 6 2867. 2 1445. 7 6500 0. 92 67 .29 1. 93 
Table G-4. Dimensional analysis data, com stalks (1981) 
Test F TI TO PB PSI PS HAVG 
1 28. 16 532 997 30. 01 -1 .60 29 .892 0. 2380 
2 34. 56 531 755 30. 01 -1 .60 29 .892 0. 2380 
3 40. 96 530 764 30. 01 -1 .60 29 .892 0. 2380 
4 40. 96 528 673 30. 01 -1 .60 29 .892 0. 2380 
5 34. 56 529 687 30. 01 -1 .60 29 .892 0. 2380 
6 21. 76 527 823 30. 10 -0 .62 30 .054 0. 1839 
7 34. 56 530 841 30. 10 -0 .62 30 .054 0. 1839 
8 56. 32 531 754 30. 10 -0 .62 30 .054 0. 1839 
9 66. 56 533 723 30. 10 -0 .62 30 .054 0. 1839 
10 76. 80 533 840 30. 10 -0 .62 30 .054 0. 1839 
11 92. 16 533 933 30. 10 -0 .62 30 .054 0. 1839 
12 92. 16 535 891 30. 10 -0 .81 30 .040 0. 1985 
13 84. 48 525 1011 30. 08 -0 .62 30 .034 0. 1839 
14 84. 48 528 882 30. 08 -0 .81 30 .020 0. 1985 
15 84. 48 534 835 30. 08 -1 .10 29 .999 0. 2045 
UAVG QS QSTP A PIl PI5 PI6 
1295. 0 2590. 0 1375. 5 
1126. 9 2253. 8 1580. 7 
1133. 6 2267. 2 1571. 4 
1064.0 2128. 0 1674. 3 
1075. 0 2150. 0 1657. 0 
906. 8 1813. 6 1173. 1 
916. 6 1833. 2 1160. 5 
867. 9 1735. 8 1225. 6 
849. 9 1699. 8 1251. 6 
916. 1 1832. 2 1161. 2 
965. 5 1931. 0 1101. 8 
1018. 8 2037. 6 1216. 9 
1005. 3 2010. 6 1058. 1 
1014. 0 2028. 0 1222. 7 
1016. 4 2032. 8 1293. 7 
0. 29 219. ,62 1.87 
0. 67 205, .64 1.42 
0. 74 172, 48 1.44 
1. 18 183, .78 1.27 
0. 92 215 .57 1.30 
0. 43 242 .38 1.56 
0. 65 150 .97 1.59 
1. 41 97 .84 1.42 
1. 90 84 .54 1.36 
1. 46 67 .98 1.58 
1. 40 53 .75 1.75 
1. 42 59 .36 1.67 
1. 14 55 .16 1.93 
1. 35 63 .74 1.67 
1. ,49 67 .45 1.56 
6184 
7107 
7065 
7528 
7450 
5274 
5218 
5510 
5627 
5221 
4954 
5471 
4660 
5385 
5698 
Table G-5. Dimensional analysis data, corn cobs (1982) 
Test F TI TO PB PSI PS HAVG 
1 180.0 523 1625 30 .35 0 .045 30 .353 0 .05690 
2 240.0 537 1607 30 .25 0 .065 30 .255 0 .06402 
3 180.0 530 1748 30 .03 0 .045 30 .033 0 .05690 
4 180.0 540 1731 30 .02 0 .045 30 .023 0 .05690 
5 264.9 542 2060 30 .01 0 .045 30 .013 0 .05690 
6 240.0 542 1835 30 .00 0 .025 30 .002 0 .01768 
7 180.0 523 1420 30 .26 0 .010 30 .261 0 .01179 
8 180.0 538 1485 30 .07 0 .070 30 .075 0 .08012 
9 120.0 535 1372 30 .18 0 .065 30 .185 0 .06402 
10 95.1 536 1248 29 .89 0 .045 29 .893 0 .05690 
11 180.0 529 1663 30 .11 0 .045 30 .113 0 .05690 
12 120.0 539 1316 29 .96 0 .025 29 .962 0 .01768 
13 180.0 532 1668 30 .16 0 .045 30 .163 0 .05690 
UAVG QS QSTP A PIl PI5 PI6 
392. 3 784. 6 259 .6 
439. 6 879. 2 293 .2 
409. 1 818. 1 249 .0 
407. 1 814. 2 250 .2 
444. 2 888. 4 299 .4 
130. 3 260. 6 75 .5 
76. 1 152. 2 57 .4 
530. 4 1060. 8 380 .6 
406. 7 813. 4 317 .0 
346. 4 692. 8 294 .0 
398. 5 797. 0 255 .6 
110. 4 220. 8 89 .0 
398. 7 797. 4 255 .4 
4.22 6.48 3.11 
5.08 5.49 2.99 
3.91 6.22 3.30 
3.95 6.25 3.21 
4.84 3.89 3.86 
15.92 1.41 3.39 
24.02 1.43 2.72 
3.35 9.56 2.76 
3.08 11.88 2.56 
3.14 13.90 2.33 
4.13 6.38 3.14 
11.89 3.34 2.44 
4.11 6.38 3.14 
1167 
1318 
1119 
1125 
1031 
339 
258 
1711 
1425 
1322 
1149 
400 
1149 
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APPENDIX H: STATISTICAL ANALYSIS 
The response surface method requires the normalization 
of the independent parameters before conducting the experi­
ment. Figure 37 shows the normalization values of the two 
independent variables chosen for this work, along with the 
sequence for conducting the 13 tests. Figures 12 and 37 
show the range of each independent variable which varied 
through the 13-test experiment. 
The General Linear Model (GLM) procedure was used to 
analyze the data and to find the parameters of the fitted 
model. In this section, a complete example is given for 
the stack temperature (Tg) statistical analysis, followed 
by a program for the contour plot. The least square fitting 
model was : 
(Y^ , Yg, Y3, ..., Y^ ) = fCX^ , Xg, X^ Xg, X^ , X^ ) + e 
or 
(A, Tg, EFF, ..., MC) = f(F, DAO, F.DAO, F^ , DAO^ ) + e 
where : 
A, Tg, EFF, ..., MC = dependent variables 
F, DAO = independent variables 
F.DAO, F^ , DAO^  = interactions. 
SAS Statements 
PROG GLM; 
MODEL A T2 PM EFF XSA STA ALA ALB GA GB BRA BRB MC =F 
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Feeding Rate 
Figure 37. The normalization values of corn cob feed rate 
and air damper opening 
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DAO F*DAO F*F DAO*DAO/P CLI; 
MANOVA/PRINTE; 
DEPENDENT VARIABLE: T2 
SOURCE DF 
MODEL 5 
ERROR 7 
CORRECTED TOTAL 12 
PR F ; 0.0005** 
R^  : 0.936 
STD DEV : 41.727 
EXHAUST TEMPERATURE, "C 
SS MS F 
178333.01 35666.60 20.48 
12188.21 1741.17 
190521.22 
SOURCE DF TYPE I SS F VALUE PR F 
F 1 139634.25 80.20 0.0001** 
DAO 1 244.06 0.14 0.7192 
F*DAO 1 6223.46 3.57 0.1006 
F*F 1 70.40 0.04 0.8464 
DAO*DAO 1 32160.84 18.47 0.0036** 
PARAMETERS ESTIMATE 
INTERCEPT -337.854 
F 10.434 
DAO 30.169 
F*DAO -0.114 
F*F -0.016 
DAO*DAO -0.419 
and the fitted model is: 
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Tg = -337.854+ 10.43 F+30.17 DAO-0.114 F.DAO-0.016 
- 0.419 DAG^. 
Calculation of the Average Standard Error (ASE), according 
to Box et al. (1978), is as follows: 
Average Variance of the fitted value, V (y) 
V(^ ) = pS^ /n 
=  ^^  = 669.69 
Avg. Std. error = /v(^ ) 
= 25.88 
Range of Predicted Values 
(^largest) ~ 
(^smallest) 
Difference = 408.3 
ASE = Difference/Avg. Std. error 
= 408.3/25.88 
= 15.8 (safe to interpret from response surface) 
Contour Plot Program (Using SAS) 
DATA CONTOURS; 
LABEL F= CORN COBS FEED RATE, KG/HR 
DA0= AIR DAMPER OPEN, MM; 
FORMAT T2 8.3; 
DO F=50 TO 125 BY 1.0; 
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DO DAO=7.2 TO 44.0 BY 1.0; 
T2=-337.854 + 10.434*F + 30.169*DAO - 0.114*F*DAO 
- 0.016*F**2 - 0.419*DAO**2; 
OUTPUT; 
END; 
END; 
PROG PLOT; 
PLOT DAO*F=T2/CONTOUR=10; 
TITLE CONTOUR PLOT OF FUEL RATE VS. AIR DAMPER OPEN; 
TITLE3 CONTOURS ARE EXHAUST TEMPERATURE, DEC. C; 
The ASE value for other parameters are : 
EFF : 4.49* 
XSA : 9.05* 
P.M.: 3.57 
STA : 5.88* 
ALA : 1.41 
ALB : 2.09 
GA : 3.01 
GB : 4.69* 
BRA : 6.49* 
BRB : 2.90 
*Interpretation of response surface could safely be made. 
Figures 38 to 40 are the contour plots of aluminum, 
galvanized sheet metal, and brass corrosion rate of the 
first location. 
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Figure 38. Contour surface of the corrosion rate of 
aluminum (mm/yr), of the first location 
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Figure 39. The contour surface of the corrosion rate of 
galvanized sheet"metal (ram/yr), for the first 
location 
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Figure 40. The contour surface of the corrosion rate of 
brass (mm/yr) for the first location 
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The following are the contour-plot models for the 
independent parameters tested in the experiment: 
EPF = -28.924 + 1.609 F + 3.06 DAO - 0.0027 F.DAO - 0.0111 F^  
- 0.0495 DAO^  
XSA = 552.66 - 5.84 F + 3.229 DAO + 0.0342 F.DAO + 0.0058 F^  
- 0.0831 DAO^  
STA = 187.43 - 5.12 F - 0.299 DAO + 0.009 F.DAO + 0.032 F^  
- 0.012 DAO^  
ALA = 50.97 - 1.14 F - 1.61 DAO + 0.005 F.DAO + 0.0074 F^  
+ 0.035 DAO^  
ALB = 7.48 - 0.133 F - 0.172 DAO + 0.0003 F.DAO + 0.0007 F^  
+ 0.0029 DAO^  
GA = -47.79 + 1.58 F + 0.103 DAO - 0.0057 F.DAO - 0.0068 F^  
- 0.0057 DAO^  
GB = 33.05 - 1.25 F + 0.939 DAO - 0.0027 F.DAO + 0.0094 F^  
- 0.0172 DAO^  
BRA = -246.33 + 6.67 F + 1.72 DAO - 0.0344 F.DAO - 0.0343 F^  
+ 0.0448 DAO^  
BRB = 169.34 - 0.36 F - 7.05 DAO + 0.032 F.DAO + 0.0007 F^  
+ 0.0723 DAO^ . 
